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ABSTRACT: The present study aims to improve the interfacial bonding between hydroxyapatite particles (HAs) and polylactide
(PLA) to enhance the mechanical performance and biocompatibility of bone implants based on HA/PLA. For this, one-shot surface
functionalization of HA via plasma polymerization is developed. Taking advantage of acetylene plasma chemistry, the hydrophobicity
of HA particles was finely tuned prior to their introduction into a PLA matrix via an extrusion process. The effect of the plasma
power (20 or 100 W) on the composition of the plasma polymer film (PPF) formed on the HA surface was studied via Fourier
transform infrared (FTIR) spectroscopy, time-of-flight secondary-ion mass spectrometry (ToF-SIMS), and X-ray photoelectron
spectroscopy (XPS). The amount of PPF formed was evaluated via thermogravimetric analyses (TGA). Cytotoxicity of the modified
HA particles was monitored by the WST-1 proliferation assay and lactate dehydrogenase (LDH) release and showed that
independent on the studied conditions, cell viability remained above the 70% threshold and LDH accumulation changes were
insignificant, suggesting good biocompatibility. Contact angle measurements and morphological and rheological analyses showed
that the low working power promoted more hydrophobic surfaces and a better HA/PLA interface. Dynamic mechanical analyses
revealed that the storage modulus at 37 °C increased for the composite containing functionalized particles by 1.5 times compared to
the neat particle’s composites. This work opens a route toward further one-shot development of improved scaffolds for bone tissue
engineering.

KEYWORDS: one-shot surface functionalization, plasma polymerization, interfacial compatibilization, PLA, HAP, viscoelastic properties,
cytotoxicity

■ INTRODUCTION

Calcium phosphate-based materials (mainly hydroxyapatite,
HA) have been widely used in bone-regenerative medicine due
to their ability to induce bone formation. Despite the
osteoconductive properties, the brittle, fragile, and inherent
hardness of HA induces difficulty in the processing and proper
shaping of implants, particularly in patients with extensive
bone trauma, disease, and/or advanced age. Furthermore, HA
friability and poor strength often limit its use in load-bearing
applications. To overcome these limitations, HA micro- and

nanoparticles were combined with different polymers to
produce organic−inorganic composites for bone-reconstructive
applications.1,2 This combination allows ease of processing and
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shaping as well as mechanical integrity preservation for the
desired period.
Among the used polymers, poly(lactic acid) (PLA), a

biocompatible and biodegradable polyester3,4 with a control-
lable degradation rate in vivo through the hydrolysis of ester
bonds,5 was extensively studied in HA biocomposites. It was
expected that their fabrication will synergistically reinforce the
relatively low-modulus polymer with a high-modulus, high-
strength inorganic material and that the plastic flow of the
polymeric material under stress will transfer the load to the
reinforcing phase.6,7 Intuitively, such results are dependent on
the filler−polymer interactions at the interface, e.g., on the
control of the relative volume fraction of each phase that can
be obtained by ensuring the dispersion and distribution of the
ceramic filler within the polymer phase. The interfacial bond
strength needs to be sufficient to transfer the load from the
matrix to the filler. Any filler agglomeration is undesirable and
may act as a stress initiator and stress concentrator and trigger
the failure of a material. Practically, this is the case for PLA/
HA composites, where agglomeration of HA particles in the
PLA matrix is observed because of the poor interfacial affinity
between the hydrophilic HA and hydrophobic PLA.8 Multiple
investigations have shown that only physical adsorption is
achieved between HA and PLA.9−12 Since the forces
determining the mode of failure in reinforced composites are
concentrated in a nanoscale mode,13,14 maximum reinforce-
ment will only be achieved if the particles are well bonded and
well dispersed in the matrix through a nanoscale interface.
Keeping this in mind, a number of innovative approaches were
tested in the literature, mostly dealing with HA surface
modification.6

The surface of the HA particles can be modified to improve
this interfacial bonding by using surfactants such as oleic
acid,15 synthetic polyelectrolytes,16 and heparin.17 This
methodology is found to induce hydrophobicity and improve
the mechanical properties of the composite. However, the
plasticizing effect18 is often related to a decrease of the overall
mechanical properties and negative effects for load-bearing
applications. The grafting of polymer on the HA surface is an
alternative with or without a linker through grafting to19 or
grafting from20,21 techniques. In this context, the plasma
polymerization process appears to be a suitable method for
finely tuning surface properties.
Briefly, the formation of a layer of the plasma polymer film

(PPF) includes the production of reactive species (i.e., ions
and mainly radicals) in a gas phase and their subsequent
condensation on the surface exposed to the plasma.22−24 The
generated complex growth mechanism involving a multitude of
surface and gas-phase reactions is responsible for the
uniqueness of PPF such as the absence of repeating units in
contrast with conventional polymers and, most of the time, a
highly cross-linked network formation at the modified surface.
These specific features can lead to very attractive phys-
icochemical properties: adhesion on almost all kinds of
substrates even with complex shapes (i.e., micro/nano-
particles,25 nanofibers,26 etc.), high thermal stability, and
insolubility in most of the solvents. Moreover, the process is
also highly versatile, enabling the modulation of the surface
properties in a wide range and can also be transferred at an
industrial scale. It has been recently shown that acrylic acid and
ε-caprolactone PPF deposited on the surface of HA particles27

enable us to tailor the wettability and the mechanical
properties of the material to some extent by adjusting the

process parameters.28 However, a two-step treatment was
required to activate the surface with an oxygenated plasma
before the introduction of the precursor.
In this work, on this basis, we report on a one-step method

based on the plasma polymerization of acetylene to tune up the
surface properties of micron-scale particles of HA. The
influence of the power dissipated in the plasma on the
physicochemical properties of the PPF is investigated by
combining several characterization techniques (Fourier trans-
form infrared (FTIR) spectroscopy, time-of-flight secondary-
ion mass spectrometry (ToF-SIMS), water contact angle
(WCA)). The cytotoxicity of the plasma-modified HA particles
is also examined. The composites are prepared by the solvent-
free extrusion process. The performance of the composites and
the quality of the filler/matrix interface were analyzed by
scanning electron microscopy (SEM), dynamical mechanical
analysis (DMA), and rheology measurements.

■ MATERIALS AND METHODS
Materials. The poly(lactic acid) (PLA) used for this research is

NatureWorks Ingeo Biopolymer 4060D (Mw = 120 000 g/mol), with
a density of 1.24 g/cm3. PLA has no melting point temperature, but
the working temperature is between 180 and 210 °C. Hydroxyapatite
powder of 10 μm with a specific area of 100 m2/g was purchased from
Aldrich and used as received. The synthesis-grade CHCl3 was
procured from VWR and used without purification. Acetylene gas was
purchased from air-liquid with purity above 99.5%.

Methods. HA Surface Modification via Plasma Polymerization.
Plasma polymerization is carried out in a cylindrical stainless vacuum
chamber. The pumping of the reactor is made by a combination of a
turbomolecular pump in series with a primary pump, allowing to
reach a residual pressure of ∼2 × 10−7 Torr (10−5 Pa). The plasma is
produced through an ENI RPG asymmetric bipolar pulsed DC power
supply (operating at a frequency of 250 kHz and a reverse pulse
duration of 1616 ns) connected to a graphite target (99% purity, 2″ in
diameter) in a C2H2 atmosphere. For all of the experiments, the
precursor flow rate and the working pressure (controlled through a
throttle valve connected to a capacitive gauge) were fixed to 40 sccm
and 10 mTorr, respectively. In this work, two power (P) values
applied to the cathode are studied: 20 and 100 W. For the
characterization of the physicochemical properties of the PPF, the
depositions were made on silicon wafer (001 orientation) substrates
located in front of the graphite target. Regarding the deposition on
HA microparticles, a powder (2.5 g) was placed in a cylindrical
ceramic crucible on the sample holder. A loudspeaker was set below
the holder to induce vibration and hence the mixing of the powder
during the plasma deposition, thus ensuring a homogeneous coating
of the particles (Figure S1). The treated powder was then removed
from the chamber and sieved by an A200 Digit RETSH.

Composite Preparation. Prior to mixing, a masterbatch is realized
in CHCl3 with the particles and PLA. The masterbatch is dried
overnight at 50 °C under a vacuum to remove the residual solvent.
PLA pellets were dried overnight at 60 °C under vacuum. The
composites were prepared by a vertical extrusion process at 180 °C
with a microextruder of 15 cm3 (DSM, Xplore). The materials were
introduced at 30 rpm for 2 min, followed by a mixing step of 4 min at
75 rpm. The final materials were shaped into specific forms using a
thermo-compressing system. The different composites prepared and
their code names are listed in Table 1.

Characterization. The deposition rate of the plasma polymer-
ization process was obtained by measuring the thickness of the layer
using a mechanical profilometer (DEKTAK 150) measuring the step
between coated and uncoated parts on a silicon substrate. The FTIR
spectra were recorded on a Bruker IFS 66v/S spectrometer in
transmittance mode with a 4 cm−1 resolution. The background and
sample spectra were obtained in the 400−4000 cm−1 wavenumber
range using the standard KBr technique.
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Static Time-of-Flight Secondary-Ion Mass Spectrometry. ToF-
SIMS data were acquired in positive and negative modes using a ToF-
SIMS IV instrument from ION-TOF GmbH. An Ar+ 10 keV ion
beam was used as an analysis beam at a current of 0.7 pA in the
positive mode and 2 pA in the negative mode and rastered over a scan
area of 300 × 300 μm2. Six different locations on the surface were
accounted for in the ToF-SIMS analysis. The ToF-SIMS spectra were
analyzed with the help of the PCA method using SIMCA-P13
software supplied by Umetrics, Sweden.29 The peak intensity of the
secondary ions was normalized to the total ion count before
performing the PCA to correct for the differences in the total
secondary ion yield from spectrum to spectrum. The normalized
spectra were exported from the acquisition software (SurfaceLab v6.4)
to SIMCA-P13 analysis software, which mean-centers and scales the
variables. The scaling of all of the peaks inside the ToF-SIMS spectra
gives them the same statistical weight, independently of their relative
intensity in the spectra. This procedure ensures that the variance in
the data is related to chemical differences between samples and not to
artifacts in peak intensity.30

X-ray Photoelectron Spectroscopy. XPS was also used to
characterize the atomic composition of the modified particle surface
using an ESCA-5000 (Physical Electronics) Versa Probe system. The
following X-ray settings were used: beam size diameter: 200 μm;
beam power: 50 W; and voltage: 15 kV. The pressure in the analysis
chamber was typically 2.10−6 Pa. The XPS data were collected using
monochromatic Al Kα radiation at 1486.6 eV. Photoelectrons were
collected at a take-off angle of 45° (normal detection) to the surface
normal. Survey (general) spectra were recorded with a 187.85 eV pass
energy, a 0.5 eV step, and 40 ms/step.
Water Contact Angle. WCA measurements were realized on a

silicon wafer using a drop shape analysis System DSA Mk2 in a static
mode at 25 °C by a sessile drop method. For each sample, at least five
measurements on different surface locations were averaged.
The modified particles were analyzed by thermogravimetric analysis

using a TGA Q500 from TA Instruments under a nitrogen
atmosphere. The analysis was done at 10 °C/min from room
temperature to 1000 °C.
The thermal properties of the composites were analyzed by

differential scanning calorimetry (DSC) using a DSC Q2000 from TA
instruments. The analysis was done at 10 °C/min, and a heat/cool/
heat program was applied to the sample from −20 to 200 °C. The
observation of the thermal transitions of the materials was done on
the last cycle.
The thermomechanical analysis of the samples was realized by a

DMTA Q800 (TA Instruments) using a multistrain mode at a
frequency of 1 Hz and an amplitude of 20 μm in dual cantilever mode.
A ramp of 2 °C/min was applied to the sample from −20 to 80 °C.
Spectral data analysis was done using the TA Universal analysis.
Dynamic rheological measurements were carried out using an AR-

G2 rheometer (TA Instruments) in a parallel-plate (25 mm)
configuration at 180 °C under a N2 atmosphere. Prior to testing,
samples were vacuum-dried at 60 °C overnight. Small-amplitude
oscillatory experiments (SAOS) were performed in the angular
frequency range 0.628 < ω < 628 rad/s at 3 % strain (linear
viscoelastic regime [LVR]). To ensure sufficient data in the terminal
regime, creep-recovery experiments were performed using fresh
samples. The compliance data, J(t), were converted into dynamic
measurements using the NLREG method.31

Morphological evaluations were performed via scanning electron
microscopy (SEM) of samples on (modified) HA particles and
cryofractured composite cross sections, carbon sputter coated at an
accelerating voltage of 10 keV using a JEOL, JSM 6300 (JEOL Ltd.,
Tokyo, Japan). Statistical analyses were performed using ImageJ
software.

Evaluation of Cytotoxicity. Dental pulp-derived stromal cells
(DPSCs) of five independent donors were isolated and amplified at a
density of 3 × 103 cell/cm2 in α-MEM supplemented with 10%
decomplemented FBS, 1% penicillin/streptomycin/amphotericin B,
and 1% glutamax (v/v, Gibco) and maintained in a humidified
atmosphere of 5% CO2 at 37 °C with a medium change every 2 days.
DPSCs were seeded in 24-well plates at 104 cells/cm2 and cultured for
24 h.

HA PPF 20 W, HA PPF 100 W, and HA powders were incubated
for 24 h at 37 °C in supplemented α-MEM at a concentration of 1
mg/mL. Conditioned media were then collected, filtered, and added
to seeded DPSCs for 24 h, according to the ISO standard (ISO/EN
10993 part 5 guidelines). The viability of DPSCs was assessed by the
WST-1 cell proliferation assay (Roche Diagnostics) in accordance
with the manufacturer’s protocol. Absorbance was measured at 440
nm using a FLUOstar Omega microplate reader (BMG Labtech)
against a background control as the blank. A wavelength of 750 nm
was used as the correction wavelength. The lactate dehydrogenase
(LDH) released in supernatants was measured according to the
manufacturer’s protocol (Cytotoxicity detection kit, Roche). The
absorbance was read at 492 nm. Finally, the morphology of DPSCs
was evaluated following cytoskeleton labeling. Briefly, DPSCs were
fixed with 4% (w/v) paraformaldehyde (Sigma-Aldrich) at 37 °C for
10 min and permeabilized with 0.5% (v/v) Triton X-100 for 5 min.
Alexa Fluor-488-conjugated phalloidin (1/100 dilution in 0.1% Triton
X-100) was used to stain F-actin for 45 min at room temperature.
Nuclei were counterstained with 4,6-diamidino-2-phenylindole
(DAPI, 100 ng/mL, 1/3 000 dilution) for 5 min. Stained stem cells
were mounted and imaged by microscopy (Axiovert 200 M
microscope, Zeiss, Oberkochen, Germany, Objective × 20). Image
analysis was performed using ImageJ.

■ RESULTS AND DISCUSSION

To develop the one-shot process for plasma-assisted surface
modification of HA particles, acetylene plasma chemistry was
first studied on a plane substrate to facilitate the chemical
characterization and optimization.
In a first attempt, the deposition rate of the plasma

polymerization process was evaluated. The performed
DEKTAK studies showed values of 16 nm/min for P = 20
W and 98 nm/min for P = 100 W, suggesting an increase in the
decomposition rate at a higher load of energy. In line with the
literature, this behavior is explained by a higher production rate
of film-forming species in the plasma.23 Then, the chemical
composition of the PPFs was determined. Figure 1 shows the
FTIR spectra of the two different PPFs.
For P = 20 W, one can observe the presence of alkyne

functions at 3300 and 2100 cm−1, while these functions were
shown only at 3300 cm−1 for P = 100 W. These two peaks are
related to monosubstituted C−H stretching of the alkyne
group. The bending of this C−H function is also present as a
sharp function at 680 cm−1. The main difference is the
presence of a weak wave at around 2200 cm−1 that can be
related to a stretching of the triple bond of the disubstituted
alkyne function for the high-power coating. This can be related
to a higher fragmentation of the precursor in the plasma on
increasing the power, resulting in a more pronounced loss of
the chemical integrity of the precursor.
On the other hand, for both PPF, a hydrocarbonated

backbone formed by CH3, CH2, and CH functions was

Table 1. Listing of the Different Samples of This Work

sample plasma power (W) HA (wt %)

PLA 0 0
PLA HA 10% 0 10
PLA HA 20% 0 20
PLA HA PPF 20 W 10% 20 10
PLA HA PPF 20 W 20% 20 20
PLA HA PPF 100 W 10% 100 10
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observed at around 3000 cm−1 (stretching) and 1500 cm−1

(bending), and a broad carbonyl band was observed at 1700
cm−1. The origin of the oxidized functions can be explained by
the presence of radicals trapped in the plasma polymer network
after their synthesis. As a consequence, after removing the
sample from the reactor, these radicals react with oxygen in the
ambient air, resulting in the incorporation of oxygen-based
functionalities.32 The broadening of the peak corresponds to
the different structures of carbonyl groups (aldehyde, ketone,
ester, etc.). The stretching of aromatic bonds also occurs in
this area and can also explain the broadness of this band.
However, only for P = 100 W, the aromatic C−H in-plane
stretch can be observed at around 1200 cm−1 in the appearance
of a broad wave.
Summarizing the above, these results suggest that (i) both

PPFs are mainly formed by alkyl compounds and both present
oxidized functions, (ii) the low working power promotes the
presence of less fragmented precursors in the film, and/or (iii)
the high working power results in the presence of aromatic
compounds in the films.
To complete the chemical characterization of the PPF and

confirm the previous hypotheses, ToF-SIMS analyses were
performed (Figure 2).
As can be seen in Figure 2 and as frequently encountered for

PPF, the ToF-SIMS spectra contain numerous signals.
Therefore, the difference between the spectrum recorded at
20 and 100 W is hardly visible in this figure, except for several
peaks, which display significant differences in relative
intensities (see *: C2H3

+ at m/z = 27 and #: C7H7
+ at m/z

= 91). To better discriminate the composition of these two
samples, principal component analysis (PCA) was performed.
This statistical approach has been proven to be an efficient
method to assess the main differences in a large amount of
data.29 The score graph obtained from the PCA analysis of
positive spectra (20 and 100 W coatings) is represented in
Figure 3.
We can clearly observe that the samples prepared at 20 and

100 W display significantly different PC1 scores, revealing their
chemical dissimilarity. It is noteworthy that the PCA analysis
was performed in parallel for the negative spectra, and for
conciseness, the corresponding score graph is not displayed
here. Further analysis of the fragments helps to understand the

difference in terms of the chemical composition of the
coatings. The most relevant ions (positive and negative) are
presented in Table S1. Both coatings present alkyl and alkyne
moieties as shown in positive and negative ions. Beyond the
alkyl moieties, the 100 W sample shows additional aromatic
fragments,33 confirming FTIR spectra observations. Further-
more, a high number of oxygenated ions are found for the 100
W samples resulting from postoxidation reactions in the air.
This behavior is attributed to a higher concentration of trapped
radicals in the PPF after their synthesis on increasing the
power, as is usually observed.34

To evaluate the influence of the chemical composition of the
PPF on the hydrophilicity of the surface, water contact angle
(WCA) measurements were performed. The WCAs of coatings

Figure 1. FTIR spectrum of 500 nm thick PPF deposited for P = 20
W (down, blue) and 100 W (up, red).

Figure 2. TOF-SIMS-positive spectra obtained from 20and 100 W
coatings (*, # specific m/z).

Figure 3. Score graph obtained from the PCA analysis of positive
spectra (20 and 100 W coatings).
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for P = 20 and 100 W are around 62 ± 3 and 50 ± 3°,
respectively. The increase in the hydrophilicity with power is
explained considering the chemical composition of the film as,
for example, the presence of aromatic species for 100 W PFF.
Moreover, the higher concentration of oxygen-based functions
for this PPF also contributes to the decrease in the contact
angle.
It can be concluded that the power dissipated in the plasma

during the process greatly influences the chemical composition
of the PFF going from an alkyne/alkyl-rich film to an alkyl/
aromatic film with an enriched oxygen surface. The developed
and studied methodology was further transferred to HA
particles that will play a role in the filler/matrix interface
stabilization.
Considering the deposition rate measurements of the plasma

polymerization process for both powers on flat substrates and
taking into account the specific surface area of the HA
microparticles (i.e., 100 m2/g as provided by the supplier), the
plasma polymer deposition time was adjusted to obtain a
theoretical thickness of 6 nm, assuming a homogeneous
covering. Nanometric coating thickness was chosen as the
interface between the filler and the matrix is in this range.13,14

Moreover, the choice of this value was also made considering
the long time required for the experiment (more than 20 h of
treatment at P = 20 W). The morphological effect of the
deposition process can be observed in Figure 4. A change of
the surface of the powder could be directly seen by a clear
change of color from white to light brown (Figure S2).
As can be seen, the plasma conditions do not induce any

modification of the overall morphology of the particles. The

distribution in the size of the particles seems not to be affected
by the process (Figure 4D). No erosion of the surface is visible
at 20 W, and the particles remain spherical. Small defects on
the surface of the big functionalized particles can be seen
principally at 100 W, resulting from the higher ionic
bombardment. The change of color is an indication of the
modification of the surface of the particles going from white to
brown, with more dark colors for higher plasma power coating
(Figure S2). This organic layer around these particles was
analyzed by XPS and thermogravimetric analysis (Figure 5).

The XPS analysis of the plasma-treated particles reveals a
significant increase in the atomic carbon content (i.e., from 3.6
to 83.4%) accompanied by a decrease in the peaks relative to
the HA (i.e., calcium and phosphorus). This is explained by
the deposition of the PPF at the surface of the particles.
Regarding the thermogravimetric analysis, the multistep

degradation of the modified particles is due to the specificity of
the PPF involving several “domains” including alkyl/alkyne
chains and aromatic structures. After the thermogravimetric
analysis, the powder became white as the unmodified particles,
confirming the complete degradation of the organic layer on
the surface. Based on the difference of the weight before and
after the analysis, the quantity of the organic coating on the
particles can be calculated. The quantity seems quite small,
which can be easily understood considering the low thickness
deposited. In the pristine HA particles, a loss of around 6 wt %
is observed and can be related to the high hygroscopic

Figure 4. SEM micrographs of (A) neat μ-HA, (B) HA PPF 20 W,
and (C) HA PPF 100 W. (D) Size distribution of the HA reference,
HA PPF 20 W HA, and HA PPF 100 W.

Figure 5. (a) Typical XPS survey of HA ref and plasma-treated
particles and (b) TGA analyses of the modified particles.
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properties of the HA particles. The organic contents of the 20
and 100 W coated particles were, respectively, 10.5 and 9.6 wt
%. These values were further used to calculate the final
concentration of ceramic particles in the composites. However,
prior to any blending with PLA, the modified HA particles
were analyzed to evaluate their potential biological use in

elaboration of material for bone tissue engineering. Biological
requirements such as, for example, cytotoxicity tests are
necessary to evaluate whether the coating process is harmful.
Cytotoxicity of 20 and 100 W particles was first monitored

by the WST-1 proliferation assay and lactate dehydrogenase
(LDH) release. The absorption values of the reduced WST-1

Figure 6. Cytotoxicity tests. (a) Cell viability, (b) LDH absorbance, and (c) morphological analysis of the cells (green: cytoplasm, blue: nucleus).

Figure 7. DSC thermograms of composites.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.0c01429
ACS Appl. Bio Mater. 2021, 4, 3067−3078

3072

https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c01429?fig=fig7&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.0c01429?rel=cite-as&ref=PDF&jav=VoR


reagent normalized to the glass positive control are shown in
Figure 6A. Independent on the studied conditions, the
mitochondrial activity of DPSCs remained above 70% of the
cell viability threshold, considered as an indicator of a cytotoxic
phenomenon, according to the ISO standard (ISO/EN 10993
part 5 guidelines). Furthermore, no significant differences in
LDH accumulation in the supernatant were noticed (Figure
6B). Finally, F-actin cytoskeleton labeling showed that DPSCs
in the presence of HA particles presented a fibroblastic shape
similar to that of the control (Figure 6C). Taken together,
these results highlighted the absence of DPSC damage in the
presence of HA particles.
The coating is successfully present around the particles as

proven by XPS and TGA and it does not destroy their
morphology or induce any harmful effect on cells. These
particles are then suitable as fillers of bone tissue engineering in
PLA.
The three different particles (HA reference, HA PPF 20 W,

and HA PPF 100 W) were blended with PLA by the extrusion
process. Amorphous PLA was used to clearly establish the role
of the PPF coating in the mechanical properties of the HA/
PLA composite without exerting any positive or negative HA
influence on PLA crystallinity. These composites were first
analyzed by DSC (Figure 7). The different thermograms of the
composites did not show significant differences between the
samples. The polymer remains glassy and has no plasticizing
effect (no shift of Tg toward lower temperatures) compared to

the use of a low-molecular-weight surfactant.35 As no further
influence of HA modification on PLA thermal properties and/
or crystallinity was expected, X-ray scattering was not
performed.
SEM analysis was performed to investigate the morphology,

the mode of fracture, and the homogeneity of the dispersion of
the particles inside the PLA matrix. As can be seen (Figure
8A), a typical “hackled” pattern surface topography, ascribed to
the well-reported brittle behavior of PLA resin, was observed
for PLA samples.36 The addition of HA particles (10 wt %)
changes drastically the morphology of the PLA fractured
surface. That is, in Figure 8B, the fractured surface is rougher,
and plastic tearing is highlighted by black arrows. The particles
do not appear to be well dispersed and present some
agglomeration. This effect is even more pronounced when
the quantity of HA is increased up to 20 wt % (Figure 8E). A
weak interfacial strength between the hydrophilic filler and the
hydrophobic matrix may explain the agglomerate formation
and the weak bonding as discussed by Neuendorf et al.37 As
described above, the plasma process can be used to modify the
WCA angle of a surface. Similar behavior can be expected on
the particles and can be used to explain the behavior of the
composites. At 20 W, the WCA of the coating reaches 62°,
which is closer to that of PLA. The interface strength is then
increased, and we can observe well-dispersed particles with no
tendency of agglomeration. Moreover, an almost flat surface is
obtained, inducing good transfer of the stress from the matrix

Figure 8. SEM fracture surface of (A) PLA, (B) PLA/HA 10 wt %, (C) PLA/HA PFF 20 W 10 wt %, (D) PLA/HA PPF 100 W 10 wt %, (E)
PLA/HA 20 wt %, and (F) PLA/HA PPF 20 W 20 wt %.
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to the reinforcing phase. Even at 20 wt % of ceramic particles,
no tendency of agglomeration was observed (Figure 8F).
However, the particles modified at 100 W present a WCA of
50 °C, which is closer to that of native HA. The particles
appear completely unbounded from the matrix (Figure 8D).
The PLA matrix appears highly deformed around the crack,
and interfacial slip is clearly observed. The functionalization
performed at 100 W weakens the interfacial bonding between
the PLA and the filler matrix. However, the difference in WCA
cannot explain why the interfacial bonding seems to be higher
in the neat mixing than the modified particle. The WCA can be
used to qualify the interfacial bonding through chemical
interaction only. However, another factor leading to the
interaction bonding is the physical interactions.38 This one is
based on mechanical interlocking and steric effects. The
physical bonding can explain the difference between the binary
PLA/HA mix and the one with the particles modified at 100

W. The unmodified particles possess OH functions on the
surface, 2.6 groups/nm2. These groups can, to some extent,
interact with the PLA chain by physical interaction and delay
the interfacial slipping of the matrix. However, when we
modified the particles, a very hard and stiff coating covered the
particles, excluding the possibility of physical bonding of the
modified surface. The result is a complete slip of the matrix
even if the WCA of this coating is higher than those of pure
HA particles.
To better monitor the HA/PLA interactions at the interface,

the viscoelastic behavior and the rheological behavior of the
composites were monitored. Dynamical mechanical thermal
analysis, e.g., the evolution of the storage modulus (E′) and the
mechanical loss factor (tan δ), was first performed. The effects
of the surface functionalization on the storage modulus (Figure
9) and mechanical loss factor (Figure 10) were observed.

Figure 9. DMA thermograms of the composites (storage modulus).

Figure 10. DMA thermograms of the composites (tan δ).
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The presence of ceramic particles has a beneficial effect on
the mechanical modulus as depicted in Figure 9. The
comparison of the moduli of the materials is shown in Table
2 at 37 °C. Since all of the samples are amorphous, the higher

moduli exhibited by the PLA/plasma-modified HA composites
can be attributed to an improved interface, leading to an
increase in the quality of the stress transfer from the matrix to
the ceramic particles. Especially for the materials filled with 20
wt % of modified particles (at 20 W), the storage modulus (3.8
GPa) has doubled from the unfilled polymer (1.9 GPa).
Moreover, the storage modulus for the unmodified particles is
significantly lower (3.1 GPa), proving the beneficial effect of
the coating on the final mechanical properties of the
materials.14,27 It should be noted that it has been proven
that the mechanical properties have a huge impact on the
quality of the final regenerated bone.6

The addition of particles does not affect the transition α
(related to the glass temperature as in ref 39) significantly, as
determined by tan δ, which correlates with the results from
DSC. The damping factor can be also used to characterize the
filler/matrix interface. Ko et al.40 showed that a decrease in the
damping peak can be attributed to higher interface adhesion.
Indeed, the tan δ can be related to the interfacial adhesion

because this data is a true indication of molecular motion. The
molecular motion will be influenced by the interfacial
adhesion.38 Besides, the energy dissipation in a composite
occurs on the interface, so a strong interface means low
dissipation with a restricted movement of the chains around
the filler and effective stress transfer. In our work, adding HA
particles decreases the molecular motion and so the damping
peak decreases. The decrease is more pronounced for the
modified particle because of the stress transfer in these better
filler/matrix interface systems. The influence of the working
plasma power can be also observed with a lower tan δ for the
particles modified at 20 W, proving once again the better
interface. Moreover, increasing the filler in the composites
leads to an increase in the damping peak. The same
observation is made on the TGA thermograms, where only
the modified particles at 20 W show an increase of the thermal
properties of the materials (Figure S5). The modified particles
remain slightly lower in Ttan δ than the unmodified particles.
The shift of the Ttan δ remains small but a decrease can be
explained by the introduction of the filler as an increase of the
surface of the polymer due to the introduction of the charge.41

Rheological properties were investigated to gain an insight
into the interfacial interactions between the inorganic HA solid
particle and the PLA host matrix. Figure 11 shows the ω
dependence of the complex viscosity, |η*|, and the storage
modulus, G′, of all of the considered composites. After adding
modified HA particles, changes in the interfacial interactions
between both components can be studied using the weighted
relaxation spectrum, as shown in Figure 11c. It was calculated
using both dynamic moduli (i.e., the storage, G′, and loss, G″,
modulus) from the linear relaxation spectrum, H(λ).31 The
position of the relaxation peak(s) is reported to be indicative of
the strength of the interfacial adhesion as it reflects the time
distribution of chain relaxation. That is, the stronger the
interfacial adhesion, the longer time the relaxation of the PLA
macromolecules surrounding the HA particles takes up.

Table 2. Storage Moduli at 37 °C (E), Temperature of the
Damping Peak (Ttan δ), and Damping Factor (tan δ) of Neat
PLA and its Composites with Unmodified and Modified
HAs

code E′37 °C (MPa) Ttan δ (°C) tan δ

PLA 1900 56.0 2.389
PLA HA 10 wt % 2100 54.5 2.302
PLA HA 20 wt % 3100 54.5 2.172
PLA HA PPF 20 W 10 wt % 2500 54.0 1.477
PLA HA PPF 20 W 20 wt % 3800 54.5 2.109
PLA HA PPF 100 W 10 wt % 2300 55.5 1.912

Figure 11. ω Dependence of the (a) complex viscosity and (b) storage modulus together with the (c) weighted relaxation spectra at 180 °C.
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PLA exhibited the expected typical pseudoplastic fluid
behavior with a monomodal distribution of relaxation time,
λ, centered at around 7.10−3 s. Adding 10 wt % HA particles
led to a significant drop in the complex viscosity values, and
the onset of the shear-thinning behavior shifted to higher ω.
Moreover, the monomodal distribution of relaxation times
displayed by PLA changed to a bimodel one for PLA HA 10%
composites. The main relaxation peak shifted to shorter
relaxation times (from 7.10−3 to 5.10−4 s), and the overall
distribution was narrowed, suggesting an apparent speeding up
of relaxation of the host matrix. These results can be ascribed
to the well-reported incompatibility and poor interfacial
interaction between the micrometer-sized solid particles and
the PLA macromolecules, which induced interfacial slip and
lowered the PLA viscous resistance.39

In contrast, adding 20 wt % HA particles increased |η*|
values over the whole experimental window and broadened the
relaxation spectrum of PLA, wherein an additional relaxation
peak at longer relaxation times (≈11.8 s) appears. Since HA
particles exhibited similar surface properties between PLA HA
10% and PLA HA 20% samples, this behavior indicated that
physical constraints induced a second relaxation mechanism.
That is, while the unperturbed PLA chains are free to relax by
relatively fast self-diffusion processes, the lowered thickness of
the interlayer between particles restricted the molecular
mobility of the PLA chains surrounding particles that must
relax through other longer mechanisms. In the low ω region,
the retarded macromolecular relaxation enhanced the solidlike
behavior of the melt, as confirmed by the higher G′ values than
PLA.
The results of rheological property measurements indicated

that the surface modification on HA with plasma 20 W led to
an improvement of the complex viscosity as well as storage
modulus values of the corresponding unmodified PLA/HA
composites. Since the hydrophobicity of HA particles was
enhanced with plasma 20 W, the corresponding enhancement
can be ascribed to improved interfacial interactions between
the molten polymer and the particle surface, which minimized
interfacial slip, as already reported elsewhere.42 In the weighted
relaxation spectra, these trends were reflected in the time
distribution of chain relaxations. While the main relaxation
peak of the PLA HA PPF 20 W 10% sample shifted to longer
relaxation times than PLA HA 10% (from 5.10−4 to 3.10−3),
the second relaxation time exhibited by PLA HA PPF 20 W
20% samples increased from 11.8 s to 31.7 s as compared to
PLA HA 20% ones. According to the above-discussed results,
surface modification of HA particles using plasma 100 W did
not improve the interfacial adhesion between both compo-
nents. These results are consistent with the proposed
possibility to tune filler matrix interface properties by a plasma
polymer coating.

■ CONCLUSIONS
The present study successfully developed HA/PLA composites
of improved filler−matrix interfacial bonding and enhanced
mechanical performances with at least preserved biocompat-
ibility of bone implants possibly based on HA/PLA. For this,
one-shot surface functionalization of HA via plasma polymer-
ization is developed for fine tuning the hydrophobicity of HA
particles prior to their introduction into a PLA matrix via
extrusion. Plasma power was found to be a sufficient parameter
for modulating the surface chemistry and the related
hydrophilicity/hydrophobicity of the HA surface. It is

noteworthy that the amount of PPF and the morphology of
the (modified) HA were found to insignificantly vary with
plasma power. Cytotoxicity tests revealed preserved bio-
compatibility. Contact angle measurements and morphological
and rheological analyses showed that a working power of 20 W
promoted more hydrophobic surfaces and a better HA/PLA
interface. Dynamic mechanical analyses revealed improved
mechanical properties for the modified HA/PLA composites in
comparison to the neat HA/PLA. This work opens a route
toward further one-shot development of improved scaffolds for
bone tissue engineering.
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