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Surface bio-functionalization through covalent attachment of bioactive molecules is a promising
approach to facilitate rapid bone-implant integration. Radical-rich plasma polymer interlayers are highly
attractive as platforms that enable covalent biofunctionalization in a single-step, reagent-free manner.
However, fabrication of mechanically robust plasma polymer films, particularly for biomedical devices
that operate in corrosive body fluids, is not trivial. Here we show a facile approach to tune the robustness
of ion-assisted plasma polymer (IPP) films via simply varying the nitrogen atomic concentration incor-
porated into their structure. X-ray photoelectron spectroscopy data indicated that the total sp3/sp2 ratio
of carbon atoms decreases in the films with increasing nitrogen atomic concentration. Electron recoil
detection analysis data provided evidence that the hydrogen content decreases as the nitrogen atomic
concentration increases. Nano-indentation and nano-scratch tests, together with long-term stability
studies in simulated body fluid, showed a strong correlation between the nitrogen atomic concentration
and the robustness and stability of the films. We confirmed the potential of the optimized, nitrogen-rich
IPP film to regulate osseointegration by covalent attachment of fibronectin followed by quantifying
primary osteoblast attachment and proliferation. The IPP films developed here hold great potential as
robust interfaces for biomimetic surface engineering of implantable biomedical devices, in particular
bone implants.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rising incidences of bone diseases such as osteoporosis and
cancer as well as increasing cases of bone fractures in rapidly aging
populations have increased the demand for bone implants. In the
United States alone, for example, an increase of 174% for total hip
arthroplasty and an increase of 673% for total knee arthroplasty by
sity of Sydney, Sydney, New
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2030 have been predicted [1]. Despite recent advances in surgical
techniques and designs of prostheses, implant failure is still sig-
nificant, particularly in patients with poor bone quality and chronic
medical conditions [2].

Post-operative complications and the failure of bone implants
are primarily due to weak integration of implants with host tissue
or bacterial infection [3,4]. If left untreated, surfaces of metallic
implants, such as titanium-based alloys, are not capable of
providing biological cues to promote tissue integration. This lack of
biofunctionality leaves bone-tissue integration to compete with
adverse responses such as inflammation and infection, which
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eventually lead to aseptic loosening and implant failure [5,6].
Surface engineering of bone implants is a viable approach to

reduce their failure by encouraging their integration with the local
bone tissue and reducing the chances of foreign body reaction
induced fibrosis and infection. In recent years, significant research
has been carried out on surface modification of titanium-based
alloys for enhanced osseointegration. The techniques that have
been used in this domain include physicochemical surface treat-
ments [6,7], grit-blasting [8], electrochemical modification [9,10],
laser surface modification [11], and surface bio-functionalization
[12]. Among these approaches, surface biofunctionalization using
bioactive molecules such as proteins and peptides has gained
particular interest as a strategy with great potential [3]. Bio-
functionalization of implant surfaces allows for mimicking
osseointegration stimulating cues of the surrounding host tissue
and thus encouraging more rapid bone integration.

Surface biofunctionalization is typically achieved either through
simple physical adsorption [13] or covalent immobilization using
chemical linkers or other reagents [14]. The physical adsorption
approach is not suitable for real-world implant applications, due to
the desorption of physisorbed biomolecules or their competitive
replacement by other molecules in vivo [3]. This problem can be
overcome using multi-step immobilization strategies based on wet
chemical reactions using chemical linkers or other reagents, which
are not easy to control due to the potential for side reactions. These
techniques are also often time-consuming, cumbersome, and
substrate-dependent; thus, making them challenging for scale-up.
The extensive usage of solvents and reagents in these methods
also introduces problems in waste disposal and obtaining regula-
tory approvals [15,16].

We have recently developed a novel plasma-based technology
for direct covalent attachment of a wide range of biomolecules,
such as antimicrobial and antifungal peptides [17], silver nano-
particles [18], bone morphogenic protein-2 (BMP2) [19], and a
multifunctional fusion protein, combining the fibronectin (FN)
attachment and osteocalcin (OCN) bone signalling sequences [20]
on titanium surfaces. This strategy relies on generating a radical-
functionalized plasma polymer layer through a combination of
plasma polymerization and plasma immersion ion implantation. In
this process, the metallic substrates, such as titanium, are nega-
tively biased in a pulsed manner as the plasma polymer film grows.
This strategy enables the formation of a large concentration of
reactive radicals embedded within the ion-assisted plasma poly-
mer (IPP) structure. The mobile radicals migrate to the IPP surface
over time and form covalent bonds with almost any biomolecule
that becomes in contact with the surface [21,22]. The bio-
functionalization of such radical-rich interlayers is simple as it
can be carried out in a single-step at room temperature. Unlike the
traditional wet-chemistry methods, this approach doesn't require a
sequence of wet-chemistry steps or any other chemical reagents to
achieve covalent surface biofunctionalization [3]. Another advan-
tage of this approach is that the reagent-and-linker-free mecha-
nism of covalent attachment provides the opportunity of tuning the
orientation and density of small biomolecules such as peptides on
the surface. This is achieved simply by either tuning the pH of the
biomolecule solution to manipulate the double-layer at the surface
or applying external electric fields using small power supplies or
household batteries [23].

The mechanical stability of IPP films are particularly important
for bone implantable devices as the film must tolerate the me-
chanical stresses encountered during aggressive surgical insertion
and normal use in vivo. Mechanical stability of a thin film is
controlled by both interfacial adhesion to the substrate and degree
of internal stress [24,25]. However, achieving mechanically robust
films that exhibit strong adhesion to the substrate with minimal
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internal stress remains an on-going, multifaceted challenge in the
field.

We have recently demonstrated that the enhanced ion
bombardment during the early stage of ion-assisted plasma poly-
merization regulates themechanism of film growth at the interface.
Therefore, it can play a critical role in increasing the adhesion of the
plasma polymerized film to carbide-forming substrates such as ti-
tanium and zirconium [19,26] and also induces atomic interface
mixing for non-carbide forming materials to create a stronger
interface. Such interface engineering through regulating the ion
bombardment has great potential for enhancing the film-substrate
adhesion. However, the compressive residual stress of the subse-
quently grown films also needs to be controlled to optimise resis-
tance to delamination. The residual stress of organic thin films can
be modulated by changing their chemical composition. For
example, the incorporation of elements such as nitrogen [27], sili-
con [28,29], fluorine [30] and chromium [31] has been shown to
reduce the residual internal stress in a-C:H films. It has been well
documented in the literature that the reduction of residual internal
stress by increasing the concentration of these elements is related
to structural transformations from sp3-like to sp2-like carbon
bonding [32,33]. In particular, the influence of nitrogen doping on
the residual internal stress has been investigated for thin films
produced using pulse laser deposition [34], ion beam deposition
[35] and filtered cathodic arc [36].

Here we report a simple approach to create highly stable IPP
films for covalent biofunctionalziation of implantable devices by
simply tuning the nitrogen atomic concentration incorporated in
the film's structure. We elucidate the role of nitrogen in regulating
the growth mechanisms and in physicochemical structure of the
IPP films. We provide evidence that by optimizing this structure,
highly robust polymeric interfaces that withstand failure in simu-
lated body fluids for at least twomonths, even after being scratched
or mechanically deformed, are achieved. Further, we demonstrated
the excellent capability of the optimized IPP film to covalently
tether fibronectin (FN), as a model biomolecule, and examined the
responses of primary osteoblast cells to films with various con-
centrations of nitrogen. Primary osteoblast attachment and prolif-
eration are also quantified on uncoated IPP films as well as
following covalent immobilization of fibronectin. The findings re-
ported in this paper hold great potential to open up new avenues of
research on surface biofunctionazlaition of metallic biomaterials
for eliciting optimal biological responses from implantable
biomedical devices for accelerated integration with host tissues.

2. Experimental section

2.1. Materials and reagents

Titanium foils (Firmetal, China) and boron doped, p-type silicon
wafers (University Wafers) were used as substrates. High-purity
acetylene (C2H2), nitrogen (N2), and argon (Ar) gases were ob-
tained from BOC Australia and used for ion-assisted plasma poly-
merization. Sodium dodecylsulfate (SDS), bovine serum albumin
(BSA) and fibronectin from human plasma were obtained from
Sigma-Aldrich. Primary osteoblasts from adult mouse long bones
were harvested from (6e8)-week old C57BL/6 mice according to a
standard protocol [37].

2.2. Ion-assisted plasma polymerization

A custom-built ion-assisted plasma polymerization system,
schematically illustrated in Fig. 1, was used to deposit ion-assisted
plasma polymers containing various concentrations of nitrogen.
The plasma system was equipped with an RF power supply (ENI;



Fig. 1. Schematic diagram showing the configuration of the ion-assisted plasma polymerization system used for the deposition of radical-functionalized coatings.
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OEM-6AM-1) and a RUP6 pulsed DC power source (GBS-Electronik)
connected to the top electrode and substrate holder, respectively.
This system has previously been described in detail [17,19]. The
substrates were initially sonicated for 10 min in acetone and
ethanol each and were then cleaned by argon plasma for 10 min
using an argon flow rate of 40 standard cubic centimetres per
minute (sccm), RF power of 75W, and pulsed substrate bias voltage
of - 500 V with a pulse width of 20 ms, applied at a frequency of
3 kHz. Various N2/C2H2 flow rate ratios of 0, 0.5, 1, 2, and 5 and a
constant flow rate of argon (15 sccm), at a working pressure of 110
mTorr, were applied for the deposition of IPP coatings. Corre-
sponding C2H2 and N2 flow rates for each ratio are listed in Table 1.
The depositions were carried out using an RF power of 50 W, and a
pulsed bias voltage of�500 Vwith a pulsewidth of 20 ms, applied at
a frequency of 3 kHz. The base pressure for all deposition runs was
below 5 � 10�2 mTorr. The deposition times were adjusted to
achieve a constant thickness of ~30 nm for IPP coatings deposited
using the various N2/C2H2 ratios.

2.3. Optical emission spectroscopy (OES)

The synthesis of IPP coatings using various N2/C2H2 flow rate
ratios was monitored in-situ using OES. The OES spectra were ob-
tained utilizing an Acton Spectra Pro 2750 spectrometer (Princeton
Instruments, USA). The spectrometer, equipped with a 1200
grooves mm�1 grating, had a nominal resolution of 0.014 nm for an
Table 1
The range of N2/C2H2 flow rate ratios used for ion-assisted plasma polymer de-
positions to produce coatings with various concentrations of nitrogen.

N2/C2H2

Flow rate ratio
C2H2 Flow rate (sccm) N2 Flow rate (sccm)

0 10 0
0.5 10 5
1 7.5 7.5
2 5 10
5 2.5 12.5

3

entrance slit opening of 50 mm. An intensified charge-coupled de-
vice (ICCD) was used to capture the emission spectra (1024 � 1024
pixel array) from the discharges at an exposure time of 300 ms. To
improve the signal-to-noise ratio, 150 consecutive acquisitions
were averaged. The optical setups were kept unchanged for all the
measurements.

2.4. X-ray photoelectron spectroscopy (XPS)

To analyze the surface chemistry of the IPP films deposited on Ti
substrates, a FlexMode SPECS spectrometer was used. The XPS
system was equipped with a mono chromatic Al Ka radiation
source (hv ¼ 1486.7 eV), an MCD9 electron detector, and a hemi-
spherical analyzer (PHOIBOS 150). All the XPS measurements were
conducted within 1 h after ion-assisted plasma polymerization. The
X-ray source operated at 200Wwith a voltage of 10 kV and current
of 20 mA. The pressure during the measurements was at least
5.0 � 10�8 mbar. The electron take-off angle was 90� for the
acquisition of survey and high resolution spectra. The survey
spectra were obtained at a resolution of 0.5 eV (energy range of
0e1000 eV) and a pass energy of 30 eV. The carbon (C 1s) and ni-
trogen (N 1s) high resolution spectra (pass energy ¼ 20 eV) were
collected at a resolution of 0.1 eV. Identical full-width at half-
maximum (FWHM) values were applied for peak fitting of high
resolution spectra, while a linear background and line shapes of
Gaussian (70%) and Lorentzian (30%) were used. Casa XPS software
(Version 2.3.14) was used for elemental composition calculations
and peak fitting of spectra.

2.5. Attenuated total reflectance Fourier transform infrared
spectroscopy (ATR-FTIR)

The ATR-FTIR spectra from the IPP coatings with various nitro-
gen atomic concentrations, deposited on the Ti substrates, were
obtained using a Digilab FTS7000 FTIR. The FTIR devicewas coupled
with an ATR accessory (Harrick, USA). A trapezium germanium
crystal (width ¼ 1 cm) at an incident angle of 45� was used to
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collect the spectra. An average of 500 scans, at a resolution of
4 cm�1 (in the wavelength range of 4000e850 cm�1) was recorded
for each sample. The dimensions of Ti substrates used for these
measurements were 2 cm � 1.5 cm to ensure full coverage of the
ATR crystal. Resolutions Pro software (Digilab, V. 4.0) was utilized
for all the data analyses and subtraction of spectra.
2.6. Time of flight secondary ion mass spectrometry (ToF-SIMS)

ToF-SIMS was carried out using a nano TOF equipment (PHI
TRIFT V, Chanhassen, MN) that was operated at 30 eV with a pulsed
liquid (79Auþ) metal primary ion source (LMIG). All measurements
were carried out in the positive mode of SIMS at base pressures
below 5 � 10�6 Pa. Dual charge neutralization was achieved for the
measurement with the aid of an electron flood gun and Ar þ ions
(10 eV). The data were collected for n > 6 spots for each sample,
each with measurement areas of 100 mm � 100 mm. All spectra
analyses were performed using WincadenceN software (version
1.8.1, Physical Electronics).
2.7. Elastic recoil detection analysis (ERDA)

The ERDA technique was employed to measure the depth pro-
files of hydrogen in IPP coatings on ANSTO STAR accelerator. The
IPP-coated silicon wafers were exposed to a 2 MeV He beam, inci-
dent to the sample at 76� relative to the sample normal, and the
detection of recoiled hydrogen atoms was measured at 152� rela-
tive to the He beam direction, using a solid state detector in a
vacuum chamber at a pressure of 5 � 10�5 Pa. The total number of
He ions impinging on the IPP-coated samples during measurement
was monitored by integrating the beam current, and the hydrogen
depth profile was obtained from the energy of recoils provided by
the solid state detector, and calculated from first principles.
2.8. Nano-indentation and nano-scratch tests

An Agilent-G200 nano-indenter was used to measure the
scratch responses as well as the elastic moduli of the IPP films
deposited on titanium substrates. The partial unloading approach
in nano-indentation (Berkovich, Synton-MDP, XP/Berkovich/020)
was utilized to investigate the normal elastic responses of the
samples. After each unloading step (load reducing by 20%), the
loading level increased (by a factor of two to the next unloading
step) up to 50 mN. By averaging over 20 tests at various points on
each specimen, the stiffness values were obtained. The nano-
scratch tests (conical tip, Synton-MDP, XP/Con060/005/020) were
performed at a velocity of 0.25 m/s for a distance of 200 mm (with
maximum normal load of 50 mN) for 10 tests on each sample.
2.9. Stability in simulated body fluid (SBF)

The stability of the IPP coatings was assessed followed by their
incubation for up to 2 months in 10 mL of Tyrode's simulated body
fluid (SBF) at (37 ± 1)o C. The chemical composition of the Tyrode's
solution has been reported before [26]. Within 24 h after deposi-
tion, the IPP-coated surfaces were immersed in SBF. To evaluate the
coatings' stability in situations where they are also physically
damaged, the samples were scratched with the shape of a cross
using a sharp, high-speed steel tip prior to their incubation in the
SBF solution.
4

2.10. Scanning electron microscopy (SEM)

IPP-coated Ti samples, before and after being stored in the SBF,
were examined for possible signs of physical failure using a FEI
Quanta microscope in the secondary electron (SE) mode. The
samples were mounted on the sample holder using conductive
carbon tape. The imaging was carried out at a chamber pressure of
below 6.5 � 10�6 Torr. The acceleration voltage and working dis-
tance were 5 kV and 5e10 mm, respectively.

2.11. Spectroscopic ellipsometry

To determine the differences in the cross-linking degrees of IPP
films deposited using various N2/C2H2 ratios, spectroscopic ellips-
ometry was used to measured their refractive indices. A Woollam
M2000 V spectroscopic ellipsometer equipped with an XLS-100
light source and a control module (EC-400) with WVASE32 soft-
ware was utilized for these measurements. To minimise the effect
of surface roughness on ellipsometry data, we used atomically
smooth silicon wafers as substrates for these measurements. The
analyses were carried out on IPP-coated siliconwafers at 65, 70, and
75� angles of incidence in a spectral region ranging from 200 to
1000 nm with 5 nm steps. A Cauchy layer was employed in the
model to fit of the data until model convergence was achieved. The
average values of refractive indices (at 630 nm) for n � 3 mea-
surements per sample were reported.

2.12. Contact angle measurements and surface free energy
calculations

Water and diiodomethane contact angle measurements were
carried out using a Biolin Scientific optical goniometer with One
Attention software. To calculate the surface free energy of the IPP
coatings and the polar and dispersive components, at least five
measurements for water and diiodomethane contact angles were
performed. The liquid drops with a volume of 1 mL were placed on
the surfaces within 30 min after the IPP deposition and static
contact angles were then measured. The Owens-Wendt model was
used to calculate the surface free energy and its components using
contact angles as an average of at least five measurements per
sample.

2.13. Electron paramagnetic resonance (EPR) spectroscopy

The radical content of the IPP coating deposited on a polystyrene
film was compared to the uncoated substrate using a Bruker
EMXplus Xband. The films with dimensions of 7 cm � 7 cm were
rolled tightly and placed inside a Wilmad Borosilicate glass NMR
tube for the measurements. The EPR spectra were recorded with
the following parameters: microwave frequency of 9.8 GHz, power
of 25 mW, a central magnetic field of 3510 G, and modulation
amplitude of 3 G. Ten scans were acquired for each sample and the
averaged spectra are reported.

2.14. Covalent attachment of protein

Fibronectin (FN) was dissolved in PBS buffer at a concentration
of 10 mg/mL. The uncoated and IPP-coated Ti substrates were
incubated in the solution overnight at 4 �C and washed with excess
PBS. Samples were then washed with 5% sodium dodecyl sulfate
(SDS) (15 min at 90 �C) to demonstrate the covalent anchorage of
FN to the IPP-coated surfaces.
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2.15. Enzyme-linked immunosorbent assay (ELISA)

ELISAwas used to detect surface-bound fibronectin on uncoated
and IPP-coated Ti surfaces before and after SDS washing. The
protein-incubated surfaces were initially immersed in 5% BSA so-
lution followed by the application of fibronectin rabbit-anti human
primary (Ab2413, Abcam; 1:5000 dilution) and a goat-anti rabbit
secondary antibody (ab6721; 1:20000 dilution). The incubation
time for each of these three steps was 1 h. The samples were then
incubated in 1-Step Ultra TMB - ELISA Substrate (cat. 34028B,
Thermofisher Scientific) for 30 min before 0.02 M sulfuric acid was
added to stop the reaction. The absorbance of samples at 450 nm
was measured (150 mL aliquots) using a plate reader. The ELISA
assay was carried out on 3 samples per ion-assisted polymerization
condition.

2.16. Osteoblast isolation and culture

Primary osteoblasts were isolated as we have previously
described [19]. Experiments were conducted in accordance with
the Australian Code of Practice for the Care and Use of Animals for
Scientific Purpose. All personnel involved in the animal procedures
have completed an approved animal care and ethics course. Mice
used for primary cell harvest were surplus to approved protocols
and collected for this study after they had been culled. To study the
attachment of cells, osteoblasts (OB, passage 3e5, 2 � 104 cells/
well) were incubated with uncoated and IPP-coated Ti surfaces for
1 h. Following this, the surfaces were washedwith PBS and the cells
were fixed with 70% ethanol for 10 min. The uncoated and IPP-
coated samples were mounted with 40,6-diamidino-2-
phenylindole (DAPI) fluoroshield mounting medium (Sigma
Aldrich). Images were collected from 4 fields, ensuring the entire
surfaces of the sample are covered, and using Image J software the
cell nuclei were counted. To study the proliferation of cells, OBs
with a density of 4 � 103 cells/well were incubated with the un-
coated and IPP-coated Ti surfaces for 3, 6, and 12 days. The media
was changed every second day. MTS cell proliferation assay kit
(Promega) was used to measure the metabolic activity. For this
assay, 40 ml of the MTS reagent was added to each well, followed by
further incubation for 2 h. The absorbance at 490 nm from for-
mazan dye produced by viable cells was quantified. The experi-
ments were carried out on 4 samples per ion-assisted
polymerization condition, and they were repeated 3 times to
ensure reproducibility. The data obtained from one representative
experiment are presented.

2.17. Statistical analysis

GraphPad Prism version 7.02 was employed to compare the data
shown as mean ± standard error of the mean (SEM). Comparison
between data was carried out using one-way ANOVA analysis of
variance (Tukey's multiple comparison groups). Statistical signifi-
cance is indicated in figures as * p<0.05, **p<0.01 and ***p<0.001.

3. Results and discussion

3.1. OES diagnostics of IPP plasma discharges

To study the influence of nitrogen on the microstructural
properties of the IPP films as well as their nano mechanical
5

performance and physico-chemical stability in simulated body
fluids, we changed the ratio of nitrogen to acetylene in the pre-
cursor gas mixture from 0 to 5, while keeping all the other pa-
rameters unchanged. The chemical species present in the plasma
phase were diagnosed using OES in the wavelength range of
300e450 nm for various N2/C2H2 ratios, and the results are shown
in Fig. 2. The emission peaks associated with nitrogen/carbon ions
and neutrals [38e41] were observed from the OES spectra. The
spectrum obtained for the nitrogen-free plasma gas mixture (N2/
C2H2 ¼ 0) did not show any peaks associated with nitrogen.
However, increasing the flow of nitrogen present in the precursor
gas mixture intensified the nitrogen-associated peaks such as CN,
N2, and Nþ, and decreased the relative intensity of carbon-
associated peaks such as CH. These changes are due to the
increased availability of nitrogen in the plasma gas mixtures with
higher N2/C2H2 ratios.

The increase in the intensity ratio of CN/N2 peaks by increasing
the nitrogen concentration in the discharge is of particular interest.
The emission intensity of CN radical molecules (at 388.4 nm)
normalized to that of N2 (at 380.5 nm) for the discharge with N2/
C2H2 ratios of 0.5, 1, 2 and 5 were 0.179, 0481, 0.493 and 0.864,
respectively. Such an increase of CN concentration in the plasma
discharge for higher N2/C2H2 ratios can be explained by the greater
energy available per unit mass of acetylene. This energy enhances
the fragmentation probability of carbon triple bonds of the acety-
lene molecule and provides greater opportunity for abstraction of
hydrogen from the structure. These interactions result in the for-
mation of CN radicals due to the generation of atomic carbons that
can subsequently react with nitrogen.
3.2. Surface chemistry of IPP films

To investigate the influence of N2/C2H2 ratio on the chemical
composition and structure of the IPP films, we analysed the sam-
ples using ATR-FTIR, XPS, ToF-SIMS, and ERDA. Fig. 3a shows ATR-
FTIR spectra obtained for the IPP films deposited on Ti substrates.
The spectra show a number of distinct peaks at wave numbers in
the ranges of 1200e1500 cm�1, 1500-1800 cm�1, and 2100-
2250 cm�1. The peak at 1200e1500 is attributed to CeC and CeO,
while the broad peak observed at 1500e1800 cm�1 is assigned to
C]C, C]O, C]N or NeH vibration modes [42,43]. The broad peak
at 1500e1800 cm�1 widened with increases in the N2/C2H2 flow
ratio. These changes can be explained by the replacement of
hydrogen with nitrogen atoms for the films deposited at relatively
high N2/C2H2 ratios. This explanation is in good agreement with the
changes in the concentration of hydrogen atoms, as indicated by
the ERDA results discussed later in this section. The peak recorded
at 2100e2250 cm�1 is assigned to C^N stretch in aliphatic and or
aromatic nitriles [44,45]. This peak has also been previously
assigned to nitrile and iso nitrile (eN^C) groups bonded to hy-
drocarbon groups and aromatic rings [45,46]. The intensity of this
peak increased by increasing the N2/C2H2 ratio, an observation that
is consistent with the OES results (Fig. 2) that showed greater
concentrations of CN radicals are formed in the plasma phase for
higher N2/C2H2 ratios.

The elemental compositions of the IPP films were determined
from XPS survey spectra and the results are plotted in Fig. 3b.
Although the precursor gas mixture contained no oxygen,
approximately 6% oxygen was detected for all the IPP films. The
incorporation of oxygen is primarily due to the reaction of reactive



Fig. 2. Representative optical emission spectra in the wavelength range of 300e450 nm obtained from the plasma discharges during the deposition of IPP films with various N2/
C2H2 ratios present in the precursor gas mixture.
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radials with atmospheric oxygen. This inevitable process is referred
to as autoxidation and has also been observed before for other
precursor monomers such as octadiene [47], thiophene [48], and
trichloroethane [49]. By increasing the N2/C2H2 flow ratio from 0 to
5, the nitrogen atomic concentration increased from 0% to 29.4%,
while that of carbon decreased from 91.6% to 64.3%. The oxygen
atomic concentration remained approximately unchanged at
around 6%.

To gain further knowledge on bonding states of carbon and ni-
trogen in the IPP structure and to shed light on their sp2/sp3 hy-
bridization character, we peak fitted the C1s XPS high resolution
spectra, as shown in Fig. 3c. The C1s spectra were peak fitted by five
components at binding energies 284.2 eV, 285.2 eV, 286 eV,
287.5 eV and 289.0 eV associated with CeC (sp2), CeC (sp3), CeN
(sp2)/CeO, CeN (sp3)/C]O, and COOH, respectively [32,50e54].
For greater N2/C2H2 ratios, the C1s peak becomes broader andmore
asymmetric due to the formation of higher concentrations of
nitrogen-containing species. When increasing the N2/C2H2 ratio
from 0 to 5, for example, the FWHM increased from 1.952 ± 0.014 to
3.147 ± 0.025. These changes are in agreement with XPS survey
spectra that showed higher atomic concentrations of nitrogen for
the IPP films deposited using higher N2/CH2 ratios.

The sp3 to sp2 bonding ratio in carbon-containing organic films
is one of the key parameters that regulates their mechanical
properties and stability in aqueous environments. The total sp3-
hybridized carbon atoms in the IPP structure consist of sp3-hy-
bridized CeC bonds [CeC (sp3)] and sp3-coordinated C atoms
bonded to N atoms [CeN (sp3)]. The total sp2-hybridized carbon
atoms include those bonded to C atoms with sp2 hybridization
(CeC (sp2)) as well as sp2-coordinated C atoms bonded to N atoms
(CeN (sp2)). The variations of total sp2 and sp3 ebonded carbon
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atoms as a function of the N2/C2H2 ratio, estimated from the C1s
high resolution spectra (Fig. 3c), are shown in Fig. 3d. Increases in
the surface nitrogen atomic concentration resulted in the decrease
of sp3 and increase of sp2 contents. With increasing nitrogen atomic
concentration in the IPP film from 0% to 29.4%, the total sp3 content
reduced from 45.7% to 33.5%, whereas the total sp2 bonded content
increased from 45.6% to 63%. Such variations in the ratio of sp2/sp3

bonds agree with previous works where nitrogenwas incorporated
in amorphous carbon films deposited by ion beam assisted filtered
arc deposition [55,56] or laser-induced pulsed arc [33].

The changes observed in the sp3/sp2 content of the IPP films
from the C 1s high resolution spectra are further supported by
those obtained from the N1s spectra, shown in Fig. 3c. Three
components at BEs y 398.8, 400.3, and 401.3 eV are fitted in the
N1s spectra corresponding to NeC (sp3), NeC (sp2), and NeO,
respectively [32,50e54]. The NeC (sp3) bonding corresponds to
threefold coordinated nitrogen atoms bonded to sp3 carbon, and
NeC (sp2) is related to the substitution of N in graphite-like con-
figurations and bonded to sp2-coordinated C atoms [33,57].
Consistent with the trends observed in Fig. 3b, with the increase of
nitrogen atomic concentration in the IPP films, the area percentage
of NeC (sp3) component decreased progressively, whilst that of
NeC (sp2) increased. The variations in the percentage of NeC (sp3)
and NeC (sp2) are in agreement with previous works where ni-
trogen was incorporated in amorphous carbon films deposited by
arc ion plating [58] or mass selected ion-beam deposition [57].

The variations observed in XPS surface chemistry correlate well
with those observed in ToF-SIMS normalized positive counts and
associated ion distribution maps. As shown in Fig. 4, increasing the
N2/C2H2 from 0 to 2 yielded a significant decrease in hydrocarbon
counts, (CH3, C2H3, and C2H5) and an increase in nitrogen-



Fig. 3. FTIR and XPS surface chemistry analyses of IPP-coated Ti surfaces prepared using various N2/C2H2 flow rate ratios. (a) FTIR spectra obtained in the range of 1000e4000 cm�1.
(b) XPS survey elemental composition of IPP-coated surfaces. (c) Normalized XPS C1s and N1s high-resolution spectra with C 1s fitted by five components: C1: CeC (sp2), C2: CeC
(sp3), C3: CeN (sp2)/CeO, C4: CeN (sp3)/C]O, and C5: COOH and XPS N 1s high-resolution spectra fitted by three components: N1: NeC (sp3), N2: NeC (sp2), and N3: NeO. (d) Total
area percentage of the peaks fitted in the C1 high resolution spectra corresponding to sp2 (C1 þ C3) and sp3 (C2 þ C4) hybridized carbon atoms.
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containing fragments (NH4, CH4N and C2H6N). These changes in the
surface chemistry of IPP films agree with the OES data (Fig. 2) that
showed higher concentrations of reactive nitrogen-containing
7

species, such as CN, are formed in the plasma phase for greater
N2/C2H2 flow rate ratios used in the precursor gas mixture.

Information on the hydrogen content of the IPP films provides



Fig. 4. (a) Normalized positive counts of ToF-SIMS species for IPP films deposited using various N2/C2H2 flow rate ratios. (b) Representative ToF-SIMS positive ion distribution maps
obtained for the IPP films. Scale bar ¼ 20 mm.
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useful insights into the mechanisms of polymerization with
important implications for their physico-chemical stability for
implant applications. However, hydrogen is not detectable by XPS
as it doesn't contain core electrons. To measure the hydrogen
content of the IPP films, we used elastic recoil detection analysis
(ERDA). The ERDA hydrogen yield profiles of the films deposited
with N2/C2H2 flow ratios of 0, 2, and 5 (film thickness y 180 nm)
are plotted in Fig. 5. For all the profiles, hydrogen was absent at
depths larger than approximately 200 nm, indicating that hydrogen
originates mainly from the depths corresponding to the IPP film
8

thickness. The mean hydrogen yield values averaged within the
depths of 50e150 nm were 90.5, 61.9, and 51.9 Cts/3 mC for the IPP
films containing 0, 20 and 30 at% nitrogen, respectively. These re-
sults indicate that by increasing the N2/C2H2 ratio in the precursor
gas mixture, the concentration of hydrogen present in the film
structure decreases. These changes can be primarily attributed to
the lower availability of hydrogen atoms from the acetylene
molecule for greater N2/C2H2 ratios. In addition, for higher N2/C2H2
ratios, more collisions between nitrogen and acetylene molecules
occur per unit mass of acetylene, yielding a greater degree of



Fig. 5. The relative ERDA hydrogen yield profiles for IPP films containing various
concentrations of nitrogen. The nitrogen atomic concentrations obtained from XPS
results are indicated.
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fragmentation. It is, therefore, plausible to suggest that under these
conditions, a greater portion of hydrogen radicals are abstracted
from C2H2 which can recombine and be evacuated from the plasma
chamber in the form of H2 [59e61]. Further, the abstraction of
hydrogen from the IPP structure can also be facilitated by the
presence of high concentrations of nitrogen in the gas mixture. We
have recently shown that hydrogen atoms are extensively cleaved
from the IPP polymer structures under the enhanced ion
bombardment conditions of ion-assisted plasma polymerization
[19]. In a nitrogen-rich reactive environment, such cleaved
hydrogen atoms can be readily substituted by nitrogen, leaving
behind IPP structures with lower hydrogen concentrations. This
mechanism is consistent with the OES data that indicated the in-
crease of CN concentration in the plasma discharge as a function of
N2/C2H2 ratio (Fig. 2), as well as with increases in the N-containing
groups as confirmed by FTIR, XPS and ToF-SIMS results (Figs. 3 and
4).
Fig. 6. Wettability of IPP films. a) static contact angles for water and diiodomethane drops
surface free energy and corresponding dispersive and polar components for the IPP films
concentration in the precursor gas mixture, the hydrophilicity of the IPP film increases.
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3.3. Surface free energy of IPP films

The surface free energy (SFE) of biomaterials is of prime
importance as it determines their wettability and how they interact
with aqueous biological environments and the proteins within. The
physico-chemical stability of polymeric films, e.g. their degree of
swelling, adhesion and possible dissolution in liquid media is also
greatly influenced by their SFE [62,63]. To calculate SFEs using
liquid drop contact angles, the most reliable results can be obtained
by applying a pair of liquids which have the largest polarity dif-
ference [64]. Thus, diiodomethane, as a non-polar liquid, and water,
as a polar liquid, were used to measure contact angles and calculate
the SFE and its polar and dispersive components for the IPP films
polymerized using various N2/C2H2 flow ratios.

As observed in Fig. 6a, by increasing the ratio of N2/C2H2, the
water contact angle decreased while that of diiodomethane
increased. The SFE of the IPP films and their polar and dispersive
components calculated using water and diiodomethane contact
angles are plotted in Fig. 6b. By increasing the N2/C2H2 ratio from
0 to 5, the total SFE increased from 53.3mJ. m-2 to 70.07mJ. m-2 and
the polar component increased from 3.46 mJ. m-2 to 23.82 mJ. m-2.
No significant differences were observed for dispersive compo-
nents as a function of N2/C2H2. These results indicate that by
increasing the nitrogen concentration in the precursor gas mixture,
the hydrophilicity of the IPP film increases. Such increase in the
hydrophilicity is due to the reduction in the concentration of non-
polar hydrocarbon groups on the surface with the deposition of
more polar nitrogen-containing groups as indicated by the XPS
(Fig. 3b), FTIR (Fig. 3a), and ToF-SIMS (Fig. 4) results. We have
previously shown that nano-thin plasma polymerized coatings,
with thicknesses similar to the IPP coatings deposited in this work
(<50 nm), follow the topography of the substrate with no signifi-
cant influence on surface RMS roughness [17,47].

3.4. Refractive indices and cross-linking degrees of IPP films

We used spectroscopic ellipsometry to evaluate the changes in
the refractive index (n) values of the IPP films as a function of their
nitrogen atomic concentration, and the results are listed in Table 2.
The cross-linking degree and the density of the films are correlated
with their refractive indices [65e67]. The greatest refractive index
placed on the IPP films deposited using various N2/C2H2 flow rate ratios. b) The total
as a function of N2/C2H2 ratio. The results indicate that by increasing the nitrogen



Table 2
Refractive index (n) values obtained from spectroscopic ellipsometry measurements for IPP films deposited using various N2/C2H2 ratios
measured at the wavelength of 630 nm.

N2/C2H2

Flow rate ratio
Incorporated nitrogen (atomic %) Refractive index (n) at 630 nm

0 0 ± 0.6 1.72 ± 0.002
0.5 10.7 ± 0.5 1.68 ± 0.001
1 14.2 ± 0.7 1.67 ± 0.003
2 19 ± 0.9 1.68 ± 0.003
5 29.4 ± 1.5 1.48 ± 0.001
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(n ¼ 1.72 ± 0.002), indicative of the highest degree of cross-linking
and densification, was measured for the IPP film containing no
nitrogen. In contrast, the film with the maximum concentration of
nitrogen (29.4%) showed the lowest degree of cross linking and
densification, as indicated by its lowest n value (1.48 ± 0.001).
These results are in alignment with the trends reported in previous
works on PECVD films. For example, Ficek et al. showed that the
refractive index of diamond-like thin films, deposited using mi-
crowave PACVD of CH4/H2/N2, decreased from approximately 2.6 to
2.4 as a result of increasing the nitrogen content from 1 to 8% [68].
Another example of a similar trend is reported by Gharibian and co-
workers who demonstrated that the refractive index of diamond-
like films deposited from mixtures of toluene and nitrogen
decrease as a function of nitrogen concentration for plasma powers
in the range of 50e90 W [69]. The reduction in the values of n for
IPP films containing higher nitrogen atomic concentrations can be
attributed to increases in the ratio of sp2 to sp3 hybridised carbon
atoms (Fig. 3d) which in turn reduces the IPP films’ degree of cross-
linking and density. Such variations in the cross-linking degree of
the IPP films have important implications for understanding the
mechanisms underpinning their nanomechanical properties and
physico-chemical stability as discussed in the next sections.
3.5. Nano-mechanical properties of IPP films

To quantitively evaluate the role of nitrogen on the stiffness,
residual stress and scratch resistance of the IPP films, we preformed
nano-indentation, stylus profilometry, and nano-scratch tests,
respectively. Fig. 7a compares the variations of elastic modulus as a
function of indentation depth for the uncoated titanium substrate
and those coated with IPP films containing 0% (N2/C2H2 ¼ 0) and
20% (N2/C2H2 ¼ 2) nitrogen. The elasticity modulus for the bare Ti
substrate was ~168 GPa for an indentation depth of 14.0 ± 1.7 nm,
and it reduced to about 125 GPa for indentation depths larger than
60 nm. Such decreasing trend of the measured elasticity as a
function of indentation depth can be attributed to the presence of a
native oxide layer with a thickness of up to 10 nm on the Ti surface
[70]. The elastic modulus for the IPP-coated Ti surfaces, however,
rose as the indentation penetrated deeper up to 150 nm and
remained constant at approximately 120 GPa as the indentation
progressed further into the substrate. Particularly important is the
changes of the elastic modulus for shallow indentation depths,
where the substrate's influence is minimum. For the shallow
depths (displacement <100 nm), significantly lower Young's
moduli were measured for the film with 20% nitrogen compared to
the one with 0% N. For example, the elastic modulus at an inden-
tation depth of 25 nmwas 85 GPa and 42 GPa for the 0% and 20%N
IPP films, respectively.

To evaluate the residual stress of the films, we used stylus
profilometry to calculate the silicon wafers’ radii of curvature
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before and after IPP deposition. The profiles of the IPP-coated sili-
con wafers with 0% and 20% N are shown in Fig. 7b. The residual
stress values calculated using these profiles were 0.57 and 0.20 GPa
for the films containing 0 and 20% N, respectively. The higher
compressive residual stress of the IPP film with no nitrogen is due
to its denser structure as indicated by both its higher content of sp3

hybridization compared to the film with 20% N and its greater
refractive index value (Table 2). The highly cross-linked structure of
the IPP filmwith no nitrogen plays a key role in restricting mobility
and hindering stress relief during the film growth [71].

To gain further knowledge on the mechanical performance of
the IPP films modulated by the incorporation of nitrogen, we pre-
formed ramp load nano-scratch tests over a length of 200 mm. In
these tests, the ‘critical load’ (CL) refers to the lateral force at which
the film delaminates from the Ti substrate [72,73]. The represen-
tative scratch test results showing the variations of normal and
lateral forces as a function of scratch distance together with asso-
ciated post-scratch optical microscopy images are presented in
Fig. 7c. As observed from the post-scratch optical profiles, the
delamination of the 0%N film took place within the first few
micrometres of the scratch line (CL ¼ 0.5 mN), whereas the failure
of the 20%N film occurred at a scratch length of approximately
140 mm (CL ¼ 37 mN). The significantly greater critical load ach-
ieved for the nitrogen-containing film correlates well with the
enhanced elasticity (Fig. 7a) and reduced internal stress (Fig. 7b)
measured for this sample.

The role of nitrogen in enhancing the elasticity and resistance to
plastic deformation of the IPP films can be explained by taking the
surface chemistry results into account. These results showed a
greater ratio of sp2/sp3 hybridized bonds for the films containing
higher concentrations of nitrogen (Fig. 3d). The length of sp2 C]N
bonds is shorter than that for either sp2 C]C or sp3 CeC bonds [36].
Therefore, the incorporation of nitrogen into the IPP film atomic
structure endows amore elastic structure and consequently greater
resistance to cohesive deformation [36,74]. Further, the replace-
ment of carbon by nitrogen in the IPP structure results in the
reduction of average coordination number and overstraining
because nitrogen atoms can admit a coordination number of
maximum 3 compared to carbon atoms that can have a maximum
coordination number of 4. Another possible explanation for the
superior elasticity of the nitrogen-containing film is the formation
of C^N groups, as revealed by FTIR results (Fig. 3a), which decrease
the connection between carbon networks and interlinks the sp2

clusters, yielding a lower density, polymeric-like structure with
lower compressive stress [32,74]. This explanation agrees well with
the works on tetrahedral amorphous carbon films reporting that
the incorporation of nitrogen into these films leads to decreases of
residual stress in the films due to the reduction of average coor-
dination number by transformation of sp3 to sp2 carbon bonds and
the formation of C^N groups [32,74].



Fig. 7. Nano mechanical characterization of IPP films with nitrogen atomic concentrations of 0 and 20%. a) The elastic modulus as a function of indentation depth obtained for
uncoated and IPP-coated Ti samples. b) Profiles of uncoated and IPP-coated silicon wafer substrates. c) Nano scratch test results with critical loads (CL) indicated and the associated
post-scratch optical images obtained for the IPP-coated titanium samples. The normal loads at which the IPP films delaminated from the titanium surfaces are identified as CL. The
vertical dash line is associated with the first discontinuity occurring in the lateral force-distance curve, and the first delamination point observed in post-scratch images. At this
scratch distance, the normal load (CL) was recorded as indicated by the horizontal dash line.
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Fig. 8. a) N/C and b) O/C atomic percent ratios obtained from XPS measurements for the IPP films deposited using various N2/C2H2 flow rate ratios before and after incubation in
Tyrode's SBF solution for the durations of 1 week, 1 month and 2 months.
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3.6. Physico-chemical stability of IPP films in simulated body fluid
(SBF)

Mechanical robustness and physico-chemical stability of coat-
ings are vital for surface modification of biomedical devices, in
particular for bone implants that undergo elastic and plastic
deformation during surgical insertion. Nitrogen-rich plasma poly-
mer films are, however, susceptible to loss of nitrogen-containing
moieties in aqueous media [75]. The loss of nitrogen accompa-
nied by extensive oxidation of a plasma polymer film not only alters
the surface chemistry but may also result in loss of integrity or
severe degradation of the films in a short time frame [76]. To
evaluate the chemical and physical stability of the IPP films in
biologically-relevant environments, we incubated the samples in
Tyrode's simulated body fluid (SBF) at 37 �C for durations of up to 2
months.

Fig. 8a shows the XPS N/C atomic concentration ratios of the IPP
films, deposited using various N2/C2H2 flow rate ratios, before and
after incubation in the SBF solution. The changes in N/C ratio were
minimal for the IPP filmswith N2/C2H2 ratio less than 5, even after 2
months incubation in the SBF solution. In contrast, there was a
substantial decrease in N/C ratio for the sample deposited using the
N2/C2H2 ratio of 5 after 1 week of incubation in SBF. Such a sharp
decrease in N/C ratio can be described by extensive out-diffusion of
nitrogen-containing species, such as NH3, that could have been
locked in the IPP structure during the polymerization process. Also,
the hydrophilic character of this sample (WCA of 74.4�) encourages
the penetration of water molecules into the film structure as well as
the out-diffusion of polar nitrogen-containing compounds into the
SBF solution. This diffusion-based mechanism is further validated
by the refractive index results (Table 2), showing that the IPP film
containing the highest concentration of nitrogen has the lowest
degree of crosslinking among all the films. A loosely cross-linked
structure provides higher mobility and a more open structure to
facilitate the ingress of O2 and H2O molecules into the film with
easy access to reactive sites, as well as facilitating out-diffusion of
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low molecular weight species [77,78]. The degradation rate of
polymeric films in aqueous environments is directly correlated
with the ingress rate of dissolved oxygen and water molecules into
the film structure [79]. The O/C ratio increased significantly for all
samples after 1 week of incubation in SBF solution (Fig. 8b). This
increase of O/C is due to the oxidation of the carbon-centered
radicals into more stable species at the surface of the films. The
oxidation process is also accelerated by hydrogen abstraction from
the nitrogen-containing groups [75].

Physical stability and adhesion of a polymeric film to the sub-
strate is of crucial importance particularly for mechanically
demanding applications such as bone implants. To evaluate the
mechanical adhesion of the IPP films to the titanium substrate, we
carried out a tape test after cutting an ‘X’ through the films (ASTMD
3359e09). The SEM images of the films with nitrogen atomic
concentrations of 0% and 20% before and after the tape test are
shown in Fig. 9. Following the tape test, significant portions of the
film that contained no nitrogen were peeled off from the substrate,
whilst no signs of peeling or delamination were observed for the
film with 20% N.

Bone implants are likely to be scratched during insertion into
the body. It is therefore essential that the film resists delamination
from the substrate in the harsh body environment even when
scratched. To simulate this scenario, we scratched the IPP films
before their incubation in the SBF solution at 37C for two months
and evaluated their physical robustness using SEM images, shown
in Fig. 9. Consistent with the tape test results, failure in the form of
buckling formation or delamination was evident for the 0% N film
near the scratch site and the sample edge, whereas no evidence of
failure was observed for the film with 20% N.

The superior mechanical stability for the IPP film achieved by
the incorporation of nitrogen in the structure is well explained by
its lower stiffness and smaller compressive residual stress as indi-
cated by the profilometry and nano-indentation data (Fig. 7). A film
with residual compressive stress buckles out of its substrate plane
once the compressive force surpasses a critical threshold [80].



Fig. 9. SEM images of IPP films deposited on titanium surfaces with 0% and 20% N before and after the tape adhesion test and incubation in SBF at 37 �C for two months. The
samples were scratched before the adhesion tape test and incubation in SBF to mimic a scenario where the IPP film is physically damaged during surgical insertion.
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Hence, polymeric films that are either poorly attached to the sub-
strate with weak interfaces or have high degrees of residual
compressive stress are prone to failure by forming buckles and/or
delamination. In our previous study, we demonstrated that the
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formation of metallic carbide bonds at the early stages of the IPP
film deposition under enhanced ion bombardment enables the
formation of strong IPP film-substrate interfaces [26]. The results
presented here show that incorporating nitrogen into the IPP film's



Fig. 10. Primary osteoblast cellular absorbance on the IPP films containing various nitrogen atomic concentrations. (a) Primary mouse osteoblast attachment results and (b)
representative images of osteoblast cells attached on IPP films. (c) Osteoblast proliferation results obtained for the same IPP-coated surfaces at 3, 6, 12, and 15 day time points.
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structure reduces the residual compressive stress, thus dramati-
cally reducing the probability of physical failure; a conclusion also
supported by nano-scratch test results (Fig. 7c). These results
together underpin the pivotal advantage of nitrogen incorporation
into the IPP structure to achieve highly robust interfaces that
withstand failure in biological related media.
3.7. Cellular responses and covalent biofunctionalization of IPP
films

To evaluate cellular responses on the IPP films containing
various concentrations of nitrogen, we seeded primary osteoblasts
(OB) on the surfaces. No significant difference was observed in
osteoblast attachment on the IPP films with different nitrogen
contents as observed from Fig. 10a. Representative fluorescence
images of OB cells attached to the surfaces also confirm these re-
sults (Fig. 10b). To further evaluate the biological effect of the ni-
trogen present in the films, we compared cell proliferation on the
surfaces after 3, 6, and 12 days of culture. The results are shown in
Fig. 10c, and in line with cell attachment data, they indicate that the
films' nitrogen concentration has no significant effect on OB pro-
liferation. Nitrogen-containing functional groups such as amides
and amines, rather than the total nitrogen concentration, have
previously been shown to promote cell attachment and prolifera-
tion [81e84]. For example, Griesser et al. coated the surfaces of
fluorinated ethylene propylene copolymer (FEP) by plasma
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polymerization of volatile amine- and amide-containing mono-
mers, and showed that such films improve the colonization of both
human dermal fibroblasts and endothelial cells [84]. The general
biocompatibility, similar to that of Ti, observed across all the IPP
films is important and favourable. Equal cellular responses to all IPP
films indicate that the nitrogen content can be used as a free
parameter without cytotoxicity concerns to optimise the IPP films’
physical durability and chemical stability. Therefore, based on the
stability and robustness criteria and informed by the results pre-
sented in Section 3.6, we used the IPP film containing 20%N for
covalent biofunctionalization experiments.

The IPP films deposited under enhanced ion bombardment,
facilitated by a negative bias voltage applied to the titanium sub-
strate [26], contain high concentrations of radicals embedded in
subsurface layers. These radicals facilitate the covalent attachment
of biomolecules that contact the surface. The electron spin reso-
nance (ESR) spectrum of the optimized IPP film (20% N), shown in
Supplementary Information (Figure SI), consisted of a single
resonance peak at 3515 G, corresponding to a g-value of 2.003, and
confirmed that the filmwas permeated with unpaired electrons, i.e.
in radical groups with dangling bonds. To determine whether these
radicals present in the IPP film structure can bestow single-step,
covalent biomolecule functionalization of materials prior to their
implantation in the body, we incubated uncoated and IPP-coated Ti
surfaces in a buffer solution containing fibronectin (FN) as a model
ECM biomolecule. Fibronectin contains the bioactive arginine-



Fig. 11. (a) ELISA signals from surface-bound FN protein on the uncoated Ti and IPP-
coated samples before and after SDS detergent washing. (b) ATR FT-IR spectra ob-
tained for uncoated and IPP-coated Ti incubated in FN solution with and without SDS
detergent washing.
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glycine-aspartic acid (RGD) adhesive sequence which stimulates
integrin mediated cell adhesion. With regard to orthopaedic im-
plants, fibronectin can effectively enhance new bone formation
through regulating the differentiation and survival of osteoblasts
[85,86]. The fibronectin receptor a5b1 has been shown to promote
osteoblastic differentiation [87,88]. To demonstrate the covalent
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nature of biofunctionalization, stringent washing at an elevated
temperature of 70 �C using sodium dodecyl sulfate (SDS) was
employed. SDS is an ionic detergent that disturbs physical bonds at
the surface, while leaving covalent bonds intact [89,90].

We used ELISA and ATR-FTIR spectroscopy to assess the pres-
ence of FNmolecules on the surfaces before and after the SDS wash.
The ELISA results for specimens incubated in fibronectin buffer are
shown in Fig. 11a. The observed reduction in the amount of
immobilized fibronectin on the IPP-coated surface after SDS wash
was much smaller compared to the uncoated titanium. Almost 80%
of the proteins remained on the IPP-coated surface; whereas the
signal from the bare titanium surface was reduced to the back-
ground level observed on the control surface that had not been
exposed to fibronectin. The resilience of fibronectin molecules
against rigorous detergent washing is indicative of the ability of IPP
films to covalently attach and retain biomolecules through re-
actions with surface-embedded radicals.

The ATR FT-IR spectra of fibronectin on the uncoated and IPP-
coated Ti, before and after SDS washing, are shown in Fig. 11b. To
reveal the peaks related to the proteinmolecules, the spectra of IPP-
coated or uncoated titanium without fibronectin were subtracted
from those with fibronectin. In the case of IPP-coated titanium, two
peaks of Amide I (1650 cm�1) and Amide II (1540 cm�1), assigned to
amide bonds that form the backbone of the fibronectin molecules,
were observed for both before and after SDS washing conditions. In
contrast, these peaks were not detected on the uncoated titanium
after SDS washing, indicating that the physisorbed fibronectin
molecules were removed by SDS washing. These results reinforce
the ELISA observation, confirming that fibronectin is covalently
attached to the IPP-coated titanium surface.

The primary osteoblast cell attachment on the fibronectin-IPP
coated surface was compared to the IPP-coated and uncoated ti-
tanium samples, and the results are shown in Fig. 12a. The osteo-
blast cell number on the uncoated titanium was not significantly
different from that on the IPP-coated sample. However, the cell
population on the fibronectin-IPP coated surface was significantly
higher than the other two surfaces, indicative of a biofunctional
interface where covalently anchored fibronectin molecules
retained their functionality, providing focal adhesion sites that
mimic those of the native extra cellular matrix (ECM). Such bio-
functionality is visually demonstrated by representative images
showing a greater population of osteoblast cells attached to FN-
functionalized IPP-coated Ti compared with a bare surface
(Fig.12b). These highly robust, nitrogen-rich IPP coatings, therefore,
hold great promise as platforms to employ biomimicry for
enhancing biofunctionality with pivotal implications in surface
engineering of implants including bone implantable medical
devices.

We have previously shown that the reactive radicals embedded
in IPP coatings also enable covalent attachment of antimicrobial
agents, such as MEL4 and caspofungin, exhibiting favourable
in vitro antibacterial and antifungal activities [17]. Future studies
will investigate co-immobilization of ECM and bone-signalling
biomolecules as well as antimicrobial agents on the IPP-coated
surfaces to create multifunctional interfaces that are both bio-
mimetic and antimicrobial. Further, the sample holder used for ion-
assisted plasma polymerization can be retrofitted into a conductive
rotating cage that is negatively biased, while it is immersed in RF
plasma of a polymerizable gas. This strategy can enable homoge-
nous deposition of IPP coatings onto 3D substrates, such as dental
implants and tissue engineering scaffolds, for future in vivo studies.



Fig. 12. (a) Primary osteoblast attachment on the bare Ti, IPP-coated Ti, and IPP-coated Ti þ FN surfaces. (b) Representative images of osteoblast cells attached to the surfaces after
1 h.

O. Sharifahmadian, C. Zhai, J. Hung et al. Materials Today Advances 12 (2021) 100188
4. Conclusions

To modulate the physico-chemical stability of ion-assisted
plasma polymerized films, we pursued a simple approach of ni-
trogen incorporation in their structure (0e30 atomic%) by tuning
the nitrogen (N2) to acetylene (C2H2) flow rate ratio used in the
precursor gas mixture. We provided evidence that the incorpora-
tion of nitrogen increases the ratio of sp2/sp3 bonded atoms, thus
reducing the stiffness and residual compressive stress of the films.
These microstructural changes had important implications for
achieving a highly robust IPP filmwith 20% N that resisted any form
of failure after incubation in Tyrode's simulated body fluid for 2
months, even when scratched or mechanically deformed. Across
the range of nitrogen atomic concentrations, similar responses
were observed in the attachment and proliferation of primary os-
teoblasts seeded on the surfaces, suggesting that the nitrogen
content can be used as a free parameter without reduced
biocompatibility or cytotoxicity concerns to optimise the films'
physical durability and chemical stability. Cell assays showed that
covalently-tethered fibronectin molecules were effective in signif-
icantly increasing the attachment and proliferation of primary
osteoblast cells, suggesting that they retained their native-like
conformations on the IPP coatings. The combination of chemical
stability, mechanical durability, and enhanced osteoblast attach-
ment and proliferation make the developed IPP coating a highly
promising candidate for surface engineering of next-generation
implantable medical devices such as bone implants.
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