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Abstract: In addition to mechanical and chemical stability, the
third design goal of the ideal bone-implant coating is the ability
to support osteogenic differentiation of mesenchymal stem
cells (MSCs). Plasma-sprayed TiO,-based bone-implant coat-
ings exhibit excellent long-term mechanical properties, but their
applications in bone implants are limited by their bioinertness.
We have successfully produced a TiO, nanostructured (grain
size <50 nm) based coating charged with 10% wt hydroxyapa-
tite (TiO,—-HA) sprayed by high-velocity oxy-fuel. On Ti64 sub-
strates, the novel TiO,—HA coating bond 153x stronger and has
a cohesive strength 4x higher than HA coatings. The HA micro-
and nano-sized particles covering the TiO,—HA coating surface
are chemically bound to the TiO, coating matrix, producing
chemically stable coatings under high mechanical solicitations.
In this study, we elucidated the TiO,~HA nanocomposite coating
surface chemistry, and in vitro osteoinductive potential by
culturing human MSCs (hMSCs) in basal and in osteogenic
medium (hMSC-ob). We assessed the following hMSCs and

hMSC-ob parameters over a 3-week period: (i) proliferation; (ii)
cytoskeleton organization and cell-substrate adhesion; (iii) coat-
ing—cellular interaction morphology and growth; and (iv) cellu-
lar mineralization. The TiO,-HA nanocomposite coatings
demonstrated 3x higher hydrophilicity than HA coatings, a
TiO,-nanostructured surface in addition to the chemically
bound HA micron- and nano-sized rod to the surface. hMSCs
and hMSC-ob demonstrated increased proliferation and osteo-
blastic differentiation on the nanostructured TiO,-HA coatings,
suggesting the TiO,-HA coatings nanostructure surface proper-
ties induce osteogenic differentiation of hMSC and support
hMSC-ob osteogenic potential better than our current golden
standard HA coating. Published 2011 Wiley Periodicals, Inc. J Biomed
Mater Res Part A: 00A: 000-000, 2011.

Key Words: mesenchymal stem cells (MSCs), osteogenic dif-
ferentiation in vitro, nanostructured titania—hydroxyapatite
(TiO2-HA) coatings

INTRODUCTION

Bone is characterized by a lifelong growth, regeneration,
and remodelling potential. This is largely due to the directed
differentiation of mesenchymal cells into osteogenic cells, a
process subject to exquisite regulation and complex inter-
play by a variety of hormones, differentiation factors, and
environmental cues present within the bone matrix."* How-
ever, acute osteoporotic as well as badly damaged bones fail
to sufficiently regenerate and are often replaced with tita-
nium (Ti) based bone implants. The hydroxyapatite (HA)
thermally sprayed coating of Ti, advocated to improve Ti
bioactivity, is clinically plagued by low crystallinity, poor
bonding strength, degradation during the thermal spray
processing®* possibly leading to implantation driven disso-
lution,® and possible late delamination of the coating with
formation of particulate debris and third-body wear.”
Although a comprehensive review of the literature supports
the bone directed HA bioactivity and the use of HA-coated
cementless femoral stems, some authors have reported that
HA-induced bioactivity is controversial because of the draw-
backs of HA's poor mechanical properties.” To preserve HA
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bioactivity a coating with higher bond and cohesive
strengths as well as chemical stability under high mechani-
cal solicitations is needed.

Since the early 1990s, there has been significant
research to establish the correct biological stimuli required
to obtain osteoblasts from human mesenchymal stem cells
(hMSC) by the use of supplemented media.®” More
recently, researchers have focused on 2D substrate-induced
hMSC osteogenesis and substrate-induced bioactivity.>”~**
However, the current lack of knowledge about substrate
characteristics such as surface chemistry and topography
control over hMSC behaviour and differentiation has largely
restricted hMSC osteogenic differentiation to biological
intervention in the form of growth factors and cytokines.
Despite current efforts, the optimal bone implant coatings
capable of influencing and accommodating the growth and
osteogenic differentiation of hMSCs are yet to be identified.

Recently, thermally sprayed coatings produced via
high-velocity oxy-fuel (HVOF) from blends of nanostructured
TiO, and HA powders were developed (TiO,-HA). These
novel TiO,-HA nanocomposite coatings, containing 10% (wt)
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HA, exhibit at least 3x higher bond strength and 4x higher
cohesive strength values on Ti-6A1-4V (Ti64) substrates than
HA coatings.” In addition to their mechanical properties, the
TiO0,-HA nanocomposite coatings have been engineered to ex-
hibit a surface nanotopography with distinct repeating nano-
scopique zones® originating from the TiO, agglomerated clus-
ters. TiO,-HA coatings strong adhesion and high stability on
Ti64 have resulted significant research activity,">™'” without
any commercial scale implant production. Because of the large
sizes of femoral implants, plasma spray is the only commer-
cially used coating technique,’’” although literature explored
TiO,~HA coatings are also produced by sol-gel,'*'® IonTite,
and electron beam (e-beam)'® techniques. Regardless of the
production technique, TiO,-HA coatings demonstrate promis-
ing biological responses in increasing bone regeneration,
largely increased when producing nanophase/nanocrystaline
Coatings.‘*'13

In our previous studies, we demonstrated greater bone
contact surface in rabbit femurs in vivo®'® on pure nano-
structured TiO,-coated implants when compared with
industry-used air plasma-sprayed (APS) HA coatings. In an
attempt to further increase the coating bioactivity by incor-
porating HA chemistry-related bioactivity,* we added 10%
(wt) HA from nanostructured HA starting powders. In the
present study, we sought to characterize the HA-enhanced
TiOz-nanostructured coatings surface chemistry and bioac-
tivity with hMSC from total hip revision patients. The
results were compared with a surface which is commonly
used for hip prosthesis coatings (i.e, standard FDA-
approved single-phase HA coating). It is our belief that
HVOF sprayed TiO,-HA nanocomposites coatings hydro-
philicity, surface nanostructure, and chemically bound
micro-sized HA rods would offer an improved 2D substrate
to hMSC adhesion, growth and osteoblastic differentiation.

MATERIALS AND METHODS

Preparation of nanocomposite coatings

Our studies are based on three types of coatings: in addition
to the nanocomposite TiO,-HA candidate coating, two refer-
ence coatings, the APS-sprayed HA and HVOF-sprayed TiO,
coatings, were also deposited on grit-blasted Ti64 alloy sub-
strates. The TiO, and TiO,-HA nanocomposite powders
were thermally sprayed via the HVOF technique using an
oxy-propylene based HVOF torch (Diamond Jet 2700-hybrid,
Sulzer Metco, Westbury, NY). More information about pow-
der composition, powder mixture, spraying, and coating
microstructure can be found elsewhere® The HA powder
was thermally sprayed using an APS torch (SG100, Praxair,
Concord, NH) using only argon (Ar) as plasma gas, repro-
ducing the conditions and coating previously described.*’
Particle characterization was performed to evaluate in-flight
particle properties. For this purpose, an in-flight diagnostic
tool (DPV 2000, Tecnar Automation, Saint-Bruno, QC) was
used. This system uses infrared pyrometry to perform the
in-flight diagnostics on 5000 sprayed particles. The meas-
urements were performed from the centerline of the spray
jet at the standoff distance for coating deposition, which
was 20 cm for HVOF and 7.5 cm for APS. The average sur-
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face temperature and velocity values for the TiO, particles
were 1881 *= 162°C and 686 * 93 m/s. For the TiO,-HA
nanocomposite particles they were 1875 = 162°C and 651
+ 88 m/s, respectively.”! The HA particles were deposited
at particle temperature and velocity of 2659 *+ 234°C and
189 * 19 m/s, respectively. During the spraying process,
the substrate temperature was recorded using a pyrometer.
A cooling system (air jets) was used to maintain the coating
temperature below 170°C for all sprayed coatings. The coat-
ings were cleaned by two-step ultrasonification involving
99.9% ethanol and 98.9% acetone for 10 min cycles each.
The samples were then wrapped in plastic sterilization
pouches and sterilized using pure ethylene oxide (EtO). EtO
sterilization was performed in SteriVac® with a 4-h cycle fol-
lowed by 24 h sterile aeration to remove residual EtO.

Surface characterization of coatings

Scanning electron microscopy (S4700, Hitachi, Tokyo, Japan)
coupled with an energy-dispersive X-ray (EDX) was used to
characterize the interdiffusion among the elements of TiO,
and HA in the TiO,-HA nanocomposite. SEM was used to
characterize the surface morphology of the coatings and the
dispersion of HA phase within the TiO, phase. The average
surface roughness (R,) of the samples in the micrometer
range was measured using a mechanical stylus-type rough-
ness tester (Surftest 301, Mitutoyo, Kanagawa, Japan). The
R, is the average height of the asperities of a surface mea-
sured from a mean line. It is given by the formula
R, = (1/L) f;:OL ly(x)|dx, where y is the deviation of the sur-
face profile from the mean line and L is the measured
length. The average nanometer-range surface roughness was
measured by two parameters R, and S, using a confocal
imaging profiler (Eclipse L150 Sensofar, Nikon, Tokyo,
Japan), with a x50/0.80 numerical aperture and an extra-
long working distance dry objective (Nikon). S, is the aver-
age of the distances of the surface points of a mean plane.
It is given by the formula S, = (1/(N.N,)) = 2% |Z(x;,y0)],
where N, and N, are the number of data points in the x and
y directions and Z(x, y) is the height value of the roughness
surface in point (x, y). By using confocal microscopy the R,
value can also be determined by analyzing a single line
measured over an area. Images were captured by a CCD
camera (Nikon) and reconstructed with a computer soft-
ware program (Confocal Imaging Profiler, Mountain Lakes,
NJ). Average surface nano-roughness was quantitatively
expressed as a numerical value (in nm). The static water
contact angles of the coatings were measured at 24°C, using
the sessile drop method with a 3-pL water droplet, in a
telescopic goniometer (Rame-Hart model 100-00-(230),
Rame-Hart, Inc, Mountain Lakes, NJ]). The telescope with a
magnification power of 23 x was equipped with a protractor
of 1° graduation. For each angle reported, three measure-
ments from different surface locations were averaged. The
angle reported was accurate to within +3°.

Isolation and culture of human MSCs
Bone marrow samples were obtained from 15 mL aspirates
from the intramedullary canal of three osteoarthritis
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patients undergoing total hip replacement surgery (one
woman and two men, aged 52-76 years). This research
received the approval of the Research Ethics Committee of
the Jewish General Hospital (Montreal, QC) and of the ethics
standards of the National Research Council of Canada. Pri-
mary cultures of bone marrow cells were established as
previously described.?? In brief, each aspirate was diluted
1:1 with Dulbecco’s modified Eagle medium (DMEM) and
layered over 1:1 Ficoll (Ficoll-Paque Plus, GE Healthcare
Bio-Sciences, Baie-d’Urfe, QC). After centrifugation at 900g
for 30 min, the mononuclear cell layer was removed from
the interface, washed with DMEM, and resuspended in
DMEM supplemented with 10% fetal bovine serum (FBS;
Hyclone, Logan, UT), 100 units/mL penicillin, 100 mg/mL
streptomycin, and 2 mM L-glutamine. The cells were plated
in 20 mL of medium in a 176 cm? culture dish and incu-
bated at 37°C in a 5% CO, humidified atmosphere. After
72 h, nonadherent cells were discarded and adherent cells
were thoroughly washed twice with DMEM. Thereafter, the
cells were expanded as previously described.??

Osteogenic differentiation was induced by treating the
second passage hMSC with an osteogenic (0S) cocktail of
100 nM dexamethasone, 10 mM p-glycerolphosphate, and
50 puM ascorbic acid-2-phosphate (Sigma-Aldrich, Oakville,
ON) added to the complete DMEM medium.'* After 6 days
of culture with the OS cocktail, Von Kossa staining and alka-
line phosphatase (ALP) measurements were done to confirm
the differentiation into hMSC-derived osteoblasts, designated
as hMSC-ob. hMSC-ob were incubated at 37°C in a 5% CO,
humidified atmosphere with medium changes every 3 days.

Culture-expanded hMSC and hMSC-ob were trypsinized,
counted and seeded separately into EtO sterilized TiO,, HA,
and TiO,-HA coated scaffolds (13 x 13 x 0.5 mm) at a
density of 2 x 10" cells/cm? hMSC-seeded TiO,~HA coat-
ings were continuously cultured in corresponding medium
supplemented with 10% FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin described above. hMSC-ob seeded
onto TiO,-HA coated pucks were continuously cultured in
DMEM supplemented with 100 nM dexamethasone, 10 mM
B-glycerolphosphate, and 50 puM ascorbic acid-2-phosphate
as described above. All cultures were incubated in
corresponding medium for up to 21 days. Uncoated Ti64
and tissue culture plate (TCP) seeded in the same manner
as the test samples were used as a reference and negative
control respectively.

Characterization of cell adhesion and proliferation

Cell adhesion on the different coatings was evaluated at
2 and 6 h after plating. Nonadherent cells were washed
with phosphate-buffered saline (PBS) prior to cell activity
measurement. Cell proliferation was measured up to 21
days of culture. The metabolic activity was used as an indi-
cation of cell number and was monitored using the Alamar
Blue assay according to the manufacturer (Biosource,
Nivelles, Belgium). The cells were also stained with Trypan
Blue (Sigma-Aldrich) and counted using a hemoacytometer.
Results were expressed as the mean * standard deviation.
The data were analyzed by using one-way analysis of var-
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iance (ANOVA) and post hoc assessment of differences
between samples were performed using the Bonferoni’s
multiple test at the confidence level of 95% (p < 0.05).

Osteoblast differentiation

ALP activity, the driver of bone matrix mineralization, was
determined in the hMSC and hMSC-ob lysates at 1, 7, and
21 days using a commercially available kit (AnaSpec, San
Jose, CA) in accordance with the provided instructions. In
brief, the measurements were performed using 100 pL
supernatants to which 100 pL of p-nitrophenolphosphate
dye were added. Absorbance was subsequently measured at
410 nm. Osteocalcin (OC) expression, which is associated
with mineral deposition, was determined in the cell lysates
using a commercially available ELISA kit (Biomedical Tech-
nologies, Stoughton, MA) in accordance with the provided
instructions. Experiments were performed in triplicate for
each condition with the cells from the three (3) different
patients. Data were represented as the mean * standard
deviation (SD). Statistical difference was analysed using
one-way analysis of variance (ANOVA) and p values <0.05
were considered significant.

Mineralization

Mineralization was visualized using calcein staining (MP
Biomedicals, Solon, OH) of the hMSC and hMSC-ob after
14 days in culture. Staining was performed by incubating at
5 pg/mL calcein to cell cultures for 24 h at 37°C. Cells were
then washed three times in PBS with agitation to reduce
nonspecific calcein stain and fixed with 3.7% formaldehyde
in PBS for 10 min. Cells were washed again two times with
PBS and treated with 1% Triton X-100 in PBS for 5 min and
1% BSA for 10 min. After rinsing three times with PBS, cells
were mounted on glass slides using Vectashield (Vector,
Burlingame, CA) and examined with a Cell Observer System
(Carl Zeiss, Berlin, Germany).

Mineralization was also directly evaluated through the
complementary semi-quantitative alizarin red staining
(ARS). ARS is a common histochemical technique used to
detect calcium deposits in mineralized tissues and in vitro
cell cultures. In brief, cells were rinsed with PBS, fixed with
ice-cold 70% ethanol for 1 h, washed once with H,0, and
stained for 10 min with 40 mM ASR solution (pH 4.2) at
room temperature. Cells were rinsed five times for 15 min
with H,0 and PBS in alternation to reduce nonspecific ARS
stain. Stained cultures were then photographed with a
Nikon camera. The semi-quantification of the ASR staining
was determined by measuring the absorbance at 570 nm of
the de-stained cultures (using 10% (w/v) cetylpyridinium
chloride (CPC) in 10 mM sodium phosphate, pH 7.0, for
15 min at room temperature). The results were normalized
to protein content.

Cytoskeleton organization

The structural cytoskeleton organization of the cells on the
various coatings was assessed by the use of two different
fluorescent dyes. The first one, F-actin, revealed the general
cellular cytoskeletal organization, whereas the second one,
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FIGURE 1. Chemical characterization of TiO, interaction with HA via energy-dispersive X-ray (EDX) line scan analysis of TiO,-HA coatings cross-
section at the coating elemental interfacial region upper layers is shown. The left-hand side graph is the EDX line scan, and the right-hand side
micrograph is the SEM of the TiO,-HA coatings cross-section. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

propidium iodide (PI), stained specifically the nuclei. In
brief, cells were rinsed twice with PBS, fixed in 3.7% metha-
nol-free formaldehyde (Sigma-Aldrich), and permeabilized in
0.1% buffered Triton X-100 (Sigma-Aldrich). Nonspecific
binding sites were blocked with 1 g/mL RNase in 1% (w/v)
bovine serum albumin (BSA) (Sigma-Aldrich) for 1 h. Cell
cytoskeletal F-actin was visualized by treating the cells with
5 U/mL Alexa Fluor 488 phalloidin (Molecular Probes, Bur-
lington, ON) for 1 h. Cell nuclei were then counterstained

|
NAC-BA 10.0kV 10.0mm x5.00k SE(L) 4'4200

NRC-BA 10.0kV 10.0mm x15.0k SE(L) 42009

3um

with PI (Molecular Probes) for 20 min. To visualize focal ad-
hesion and filamentous orientation, cells were also stained
for cytoskeletal actin together with vinculin using anti-vin-
culin (1:100; clone 7F9, Chemicon, Temecula, CA) primary
antibodies in 2% BSA/ Dulbecco’s phosphate buffered saline
(DPBS), (Sigma-Aldrich) for 40 min at room temperature.
Revelation was obtained using FITC-labeled anti-rabbit IG
antibody (1:200 in 2% BSA/DPBS) for 60 min at RT. Actin
filaments were revealed by TRITC-conjugated phalloidin

n-Tio,-HA

fo s

FIGURE 2. Surface morphological characterization of the TiO,-HA nanocomposite. SEM picture of the reference HA coatings showing the
smooth HA surface at nanoscale level, on the left. SEM picture of the reference TiO, coatings with a higher magnification picture showing the
formation of nano-spherical crystallites on the coating surface, in the middle. SEM picture of the TiO,~HA nanocomposite coating with higher
magnification showing the formation of HA rod-like crystallites and the typical formation of nano-spherical TiO; crystallites, to the right.
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TABLE I. Physicochemical Characterization of the Pure TiO,, TiO,~HA Nanocomposite and Reference HA Coatings

Micro- Nano- Nano- Bond
roughness roughness roughness Contact Phases Phase Strength on
Coating R, (um) Ra (nm) Sa (nm) Angle (°) (XRD) Content (%) Ti64 (MPa)
HA 4.1+ 05 336 £ 5 300 = 6 102 HA 55 13
CaP amorphous 44
TCP traces 1
TiO, 2.2 +0.3 63 = 3 50 = 4 62 TiO, anatase 17 >77
TiO, rutile 83
TiO,—-HA 3.0+ 05 50 + 2 50 = 3 29 TiO, anatase 15 >77
TiO, rutile 75
HA 10
(10 mg/mL in 2% BSA/DPBS). Samples were finally and TiO, in a chemical interaction. The SEM micrographs

mounted in Vectashield (Vector) and examined with a Cell
Observer System (Carl Zeiss).

Cell morphology

Cell morphology, spreading, and orientation were evaluated
using SEM. Harvested cells were washed twice with PBS
and fixed with 1% glutaraldehyde, first for 1 h at room tem-
perature, then overnight at 4°C. The samples were rinsed
with PBS for 30 min and then dehydrated through a series
of graded alcohol solutions. The specimens were air-dried
overnight and the dry cellular constructs were finally sput-
ter coated with palladium and observed under the SEM at
an accelerating voltage of 2.0 kV.

RESULTS

Coating characterization

The cross-section of TiO,-HA coatings EDX line scan analy-
sis (Fig. 1) was performed at the upper layers of TiO,-HA
coating surface to elucidate the dispersed HA crystals chem-
ical interaction with the dominant TiO, phase. The EDX
analysis identified the presence of micro-regions with co-
existence of Ca, P and Ti elements in melted particles,
thereby indicating the interdiffusion of elements from HA

Pure TiO,

(Fig. 2) show the surface coating morphology of the pure
HA and TiO, reference coatings and novel TiO,-HA coatings.
The HA coating is characterized by a smooth surface at the
low micron- and nano- scale (higher magnification picture),
whereas the TiO, coating is characterized by the spherical
crystallites at its surface of diameter below 300 nm, as well
as the nano-zoned microagreates of TiO,. On the other
hand, the TiO,-HA coating demonstrates (i) zones of inter-
diffusion between the HA and TiO, phases as well as (ii)
the HA and TiO, phases in a distinct fashion. In these dis-
tinct regions, the HA particles are represented by the rod-
like crystallites shapes 20-30 nm in diameter and 50-100
nm in length (confirmed by EDX) whereas the TiO, nano-
particles are similar in appearance to the spherical ones
observed on the pure TiO, coating.

The micro-roughness values of the coatings, as measured
by a surface profiler (Table I), do not demonstrate the
nano-range differences seen in the SEM images among the
coatings. Rather, the surface differences imparted by the HA
addition are better demonstrated by the nano-roughness
expressed as the linear average (R,) and 3D surface rough-
ness (S,) measured by confocal microscopy represented in
Figure 3. Compared with the HA coatings, the TiO, and the

|18

TiO,-HA nanocomposite

FIGURE 3. Three-dimensional visualizations of the nano-roughness of TiO,—~HA nanocomposite (left) compared with the pure TiO, (right). [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TiO,-HA coatings demonstrate a five and seven times
smaller R, and S,. This was expected due to the nano-sized
character of the coatings as opposed to HA smooth surface
especially at the nano level. The smaller R, value of the
TiO,-HA coatings as compared with that of TiO, was pro-
bably due to the addition of the HA nanosized rod shaped
crystals. The contact angle (Table I) measurements also
reflect this nanosized addition with the sharp contact angle
decrease (2x smaller for TiO,-HA), indicating a more
hydrophilic surface. The differences among the TiO,-HA and
TiO, coatings surface morphologies are visually demon-
strated in the confocal images presented in Figure 3 where
the smaller R, of TiO,-HA is visually compared with TiO,
and the rougher surface of TiO,-HA and the nano-level is
displayed. Visually this is also reflected in 3D but the meas-
ured S, is not sufficiently sensitive to translate this visual
observation into a numeric one.

Cell adhesion and cell growth

To evaluate the initial cell adhesion, the metabolic activity
of the cells cultured on the different coatings was measured
after 2 and 6 h of culture using Alamar Blue assay [Fig.
4(a)]. Results showed that the adhesion of hMSCs to the
Ti0,-HA nanocomposite was improved by 20% after 2 h (p
= 0.02) compared with both HA and TiO, coatings, although
this difference remains statistically insignificant. The same
trend was also observed after 6 h. However, there were no
differences in the adhesion of hMSC-ob on the different
coatings at these times.

The proliferation of hMSC and hMSC-ob viability on the
various coatings was then also evaluated by Alamar Blue for
up to 14 days [Fig. 4(b)]. Results revealed a higher meta-
bolic activity of both hMSC and hMSC-ob on the TiO,-HA
nanocomposite coatings when compared with the pure TiO,
and HA coatings, at 7 days of culture of 40% (p = 0.002)
and 30% (p = 0.01), respectively. The cell metabolic activity
increased on all coatings during the 14-day course, with a
five-fold increase for the hMSC and a three-fold increase for
the hMSC-ob between day 1 and day 14. These increased
metabolic activities correlated with increased protein con-
tent at day 14 that reached six and four times the values at
day 1 for hMSC and hMSC-ob, respectively.

Osteoblastic markers

Figure 5 shows the levels of two important markers of
osteoblast activity,23'24 ALP and OC, after culture of hMSC
and hMSC-ob on the different coatings. Although both
markers were expressed on all surfaces in both hMSC and
hMSC-ob cultures, significant differences and visible trends
among the various coatings were observed. ALP activity
reached a peak after 7 days of culture and dropped there-
after [Fig. 5(a)]. At the peak of its activity (7 days), the
activity of hMSC and hMSC-ob cultured on the TiO,-HA
nanocomposite coatings was significantly higher than the
activity on the HA and TiO,. As expected, the ALP activity
was higher in hMSC-ob than in hMSC after 7 and 21 days in
culture on most of the surfaces.
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FIGURE 4. Adhesion and proliferation of h(MSC and hMSC-ob cultured
on nanocomposites. (a) h(MSC and hMSC-ob were cultured on the dif-
ferent surfaces for 2 and 6 h to measure the initial adhesion of the
cells. (b) hMSC and hMSC-ob were cultured on the different surfaces
for up to 14 days on the different surfaces to measure the proli-
feration of the cells. Metabolic activity was measured by Alamar Blue.
Results are expressed as the mean * SD of three experiments
performed in triplicate.

Similarly to what we observed for ALP activity, at the
OC expression peak (day 21) the expression was higher on
the TiO,-HA nanocomposite than on the pure HA and TiO,
coated substrates in hMSC (p =0.008) and hMSC-ob (p =
0.04), shown in Figure 5(b). Although there were no signifi-
cant differences between the hMSC and hMSC-ob cultures
for up to 7 days, the expression of OC was significantly
higher (1.25 times, p = 0.0007) in hMSC-ob than in hMSC
plated on the same coatings. The higher ALP activity and OC
expression in hMSC-ob supports the success of the osteo-
blastic differentiation of hMSC in the OC medium.

In vitro mineralization

To determine if the upregulated ALP activity and OC expres-
sion correlated with the extracellular matrix mineralization,
the mineral deposits were first visualized using calcein
stain. As calcein can bind nonspecifically to the HA coating
itself, calcein staining was performed after 21 days of cell
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FIGURE 5. Osteoblastic markers in hMSC and hMSC-ob cultured on
nanocomposites. Cells were incubated up to 21 days on the different
surfaces and alkaline phosphatase (ALP) activity (a) and osteocalcin
(OC) expression (b) were measured in cell lysates. Results are
expressed as the mean = SD of three experiments performed in
triplicate.

culture, when the coated surfaces are covered by a continu-
ous cell monolayer. In addition, the washing step was
improved from the standard literature protocol®! to further
reduce non specific calcein/HA coating interactions. In
hMSC cultures, calcein staining was visualized only on the
TiO,-HA nanocomposite coating (Fig. 6). No calcein staining
was observed in hMSC cultured on the HA and the TiO,
substrates. In hMSC-ob cultures, calcein stain was observed
on all coatings. The hMSC-ob cultures contained visually
denser and more concentrated mineralization nodules.

As a further step in understanding the interaction of
hMSC and hMSC-ob with the different coatings, the minerali-
zation process was quantified by ARS (Fig. 7). The ARS
results further confirmed the positive effect of TiO,-HA
nanocomposite coating on hMSC osteogenic differentiation.
More specifically and as observed for calcein staining
(Fig. 6), ARS stain was significantly denser on the hMSC-ob
cultured on the TiO,-HA nanocomposite coatings. The hMSC
cultures without osteogenic medium displayed scarce ARS
only when cultured on the TiO,-HA nanocomposite coat-
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ings. The quantification of ARS showed nonsignificantly dif-
ferent absorbance values for the hMSC-ob plated on the
TiO,-HA nanocomposite and HA coatings. The hMSC cul-
tures without osteogenic medium demonstrated significantly
higher optical density (p = 0.002) on the TiO,-HA nano-
composite coatings when compared with the other coatings.

Cytoskeletal organization, cell-substrate

interactions, and cell morphology

Confocal microscopy was used to investigate the distri-
bution of F-actin filaments in hMSC and hMSC-ob cultured
on the different surfaces from 1 to 14 days. As shown in
Figure 8, the immunostaining of F-actin (green) and the
staining of nuclei with PI (red) clearly showed a difference
in the phenotype and the growth kinetics between the two
types of cells and the different surfaces. At day 1, hMSC
[Fig. 8(a)] showed their typical spindle-shaped morphology,
similar on all three coatings, with well formed F-actin fila-
ments. By day 7, the F-actin filaments were more intense,
denser, and widespread on the TiO,-HA nanocomposite
than on the HA and TiO, coatings. Also, the F-actin fila-
ments tended to be generalized over the entire TiO,-HA
nanocomposite surface and not limited only to areas of high
cell density. On the other hand, hMSC-ob [Fig. 8(b)] cultured
for 1 day on the three coatings demonstrated a generally
more polyglonal cell morphology with formation of clusters.
No evident differences were observed among the various
coatings. Similarly as the hMSC, at day 7 the hMSC-ob dem-
onstrated a much more intense and widespread staining of
F-actin filaments on the TiO,-HA nanocomposite as com-
pared with the HA and TiO, surfaces. Again, the hMSC-ob
expression was most prominent around cells closely associ-
ated with the TiO,-HA nanocomposites and their growth
kinetics seemed to be increased as the number of PI marked
nuclei increased.

To further analyze cytoskeleton structure and the degree
of cell adhesion of hMSC and hMSC-ob cultured on the dif-
ferent surfaces, immunostaining of F-actin and vinculin was
performed at 14 days of culture (Fig. 9). These combined
stainings reveal the strength and the extent of molecular
interaction (mainly through integrin binding) with the coat-
ings.'®*® The cells exhibited a diffuse staining of cytoplas-
mic vinculin that could be attributed to nonspecific staining
or over-confluence, as the patchy signals were indicative of
focal contacts. The distribution patterns and morphology of
focal contacts were notably different among the various
coatings and among the type of cells. Particularly, hMSC and
hMSC-ob plated on the TiO,-HA nanocomposites showed
the highest density of focal adhesion. In addition, hMSC
plated on the TiO,-HA nanocomposites displayed dense
“long” and “short” vinculin-stained focal adhesions, all ori-
ented along the same axis. This differed from the hMSC cul-
tured on HA coatings that showed only randomly oriented
“short” vinculin-stained focal adhesions. The vinculin-
stained focal adhesion of hMSC-ob demonstrated a higher
“short” vinculin density on the TiO,-HA nanocomposites
and TiO, coatings. Finally, a distinct lack of contacts for
both cell types on the pure HA substrates were observed.
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FIGURE 6. Mineralization in hMSC and hMSC-ob cultured on nanocomposites. Cells were incubated for 14 days on HA, TiO,-HA nanocompo-
site, and TiO, coatings. Cells were then stained with calcein (green) to visualize calcium and with Pl (red) to visualize DNA. Original magnifica-
tion was 200x. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Cell morphology on the HA and TiO,-HA nanocompo-
sites and on TiO, coatings was also studied using SEM
(Fig. 10). Because both hMSC and hMSC-ob cell types had
similar morphology on the different coatings, only results
with hMSC are presented. After 2 days of culture, hMSC
adhered on all coatings, elongated, and took on a typical
“shuttle” hMSC shape. However, hMSC cultured on HA coat-
ings appeared less spread and in a more rounded configura-
tion than the hMSC cultured on the TiO,-HA nanocompo-
sites and TiO, coatings. After 7 days of culture the hMSC
cultured on the HA coatings flattened and spread with no
clear tendency towards a cell monolayer or nodule forma-
tion. On the other hand, cells on the TiO,-HA nanocompo-
sites and the TiO, coatings at day 7 showed a cell coverage
over the coating surface where the hMSC had proliferated to
form a monolayer. Nodule formation was also observed.

DISCUSSION

The superior mechanical performance and micro-topo-
graphy of HVOF-sprayed TiO,-HA coatings have been intro-
duced in previous works.?! In the present study we charac-
terized the nanosurface topography effects of the TiO,-HA
coatings on the surface hydrophilicity and roughness, and
the HA nanoshaped crystals chemical interaction with the
TiO, matrix. We also evaluated the physicochemical surface
characteristics effects on the osteogenic differentiation of
human bone marrow derived cells, revealing a high in vitro
osteoinductivity potential supporting them as mechanically
and biologically improved load-bearing implant coatings.
Indeed, hMSC, the initially recruited cells on orthopaedic
load-bearing implants,” adhered, expanded, and differen-
tiated into an osteoblast phenotype in a more efficient

8 DIMITRIEVSKA ET AL.

manner on the TiO,-HA nanocomposite than on HA coat-
ings. To the authors’ knowledge, this is the first work on
the interaction of human primary bone marrow derived
cells with HVOF-sprayed TiO,-HA nanocomposite coatings.

More precisely, the present data is in agreement with
previous reports with immortalized osteoblastic cell
lines'*'*'® and primary mouse cells'? cultured on TiO,-HA
coatings where some osteoblast functions were increased
on TiO,-HA coatings when compared with HA-coated Ti
substrates.® Our results showed an increased adhesion and
proliferation of both hMSC and hMSC-ob on this nanocom-
posite, suggesting that stem cells create a stronger initial
adhesion on the TiO,-HA nanocomposite allowing increased
growth kinetics. The structure of the cells, as visualized by
F-actin labelling, seem to be more affected by the support
coating than the culture conditions (basal unsupplemented
medium vs. osteogenic medium) used. This strongly sug-
gests that the increased osteoblastic markers are largely de-
pendent on the physicochemical and topographical features
of TiO,-HA nanocomposite, and not only on the differentia-
tion factors added in the culture media.

Although increased cellular proliferation and adhesion is
generally desirable for hard-tissue implants, the formation
of a fibrous capsule remains a major problem as bone
marrow stomal cells also undergo differentiation into soft
tissues.?*? [t is therefore pivotal that the ideal coating not
only recruits higher cell numbers and allows increased pro-
liferation, but also possesses the capacity to facilitate differ-
entiation of osteoprogenitors to mature mineral-producing
osteoblasts.” In this regard, the markers of osteoblastic
activity measured in this study, ALP an early marker and OC
a late marker, were significantly higher on the TiO,-HA

TITANIA-HYDROXYAPATITE NANOCOMPOSITE COATINGS
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FIGURE 7. Quantification of the mineralization in hMSC and hMSC-ob cultured on nanocomposites. Cells incubated on HA, TiO,, and TiO,-HA
nanocomposites coatings were stained for alizarin red (ARS) at 14 days of culture (a). The quantification (OD) of the destained ARS is presented
in (b). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

nanocomposites than on the HA and TiO, reference coat-
ings. In fact, the increase in ALP activity is an indication of
the higher commitment toward osteoblastic lineage,
whereas the subsequent temporal decrease superimposed
with OC increase correlates with advanced matrix minerali-
zation and a more mature phenotype.?®?” Similar osteogenic
properties were also observed for hMSCs cultured on
nanotopographical surfaces in which a surface-dependent
increase of osteoblastic activity, without the addition of sup-
plemented medium, has been described.?®*®

The hMSC osteogenic differentiation can be induced
through several common tropic factors.”*>?® In this study,
the differentiation was induced in a simple and inexpensive
way using a cocktail of three different drugs in which the
key member was dexamethasone. Dexamethasone is neces-
sary for in vitro bone nodule formation and mineralization

in marrow stroma-derived cell cultures.?® However the co-
localization of alizarin red and calcein stain (markers of
calcium deposit) observed in hMSC cultures plated on TiO,-
HA nanocomposites without the addition of external supple-
ments suggested that these cells are already committed to
the osteoblastic lineage. This is in agreement with previous
characterization works by our group demonstrating the
expression of osteoblastic markers*®3! and type X colla-
gen,*® a marker of late stage chondrocyte hyperthrophy
implicated in ossification, in MSCs from patients with osteo-
arthritis. It is important to note that these patients are typi-
cal candidates for total hip replacement and the coating
described in the present study may be beneficial. The min-
eralization capacity of hMSC on TiO,-HA nanocomposites in
the absence of dexamethasone on the novel TiO,-HA nano-
composites surface is highly important for the development
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FIGURE 8. Cytoskeleton organization in hMSC and hMSC-ob cultured on nanocomposites. hMSC (a) and hMSC-ob (b) were incubated up to
7 days on HA TiO,-HA nanocomposites and on TiO, coating. F-actin filaments were stained with TRITC-phalloidin (green) and nuclei with
Pl (red). Original magnification was 200x. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

of bone regeneration coatings. In comparison, hMSC cul-
tured on HA and TiO, only mineralized when supplemented
with dexamethasone. This is common with many osteoblast
cell cultures when the surface is insufficiently inductive,3
such as seen in literature with bioactive HA and TiO,-HA
coatings expressing biocompatibility towards bone marrow
cell lines, yet requiring the addition of differentiation factors
for optimal cell responses.'”**'® Here, the mineralized
nodule formation (alizarin red and calcein stains), increased
ALP activity and OC expression, and increased extracellular
matrix production (cytoskeletal organization marked by the
cell cytoskeletal F-actin) strongly suggest that TiO,-HA
nanocomposite coatings can induce the mineralization
process without the addition of any of these factors.

10 DIMITRIEVSKA ET AL.

The mechanism underlying the induced osteogenic dif-
ferentiation of the hMSC on the TiO,-HA nanocomposites is
not well understood yet. The following physical factors
probably come into play: (1) the high hydrophilicity and
hydroxyl group coverage of the coatings, facilitating the ini-
tial cellular adhesion and spreading; (2) the nano-topogra-
phy (texture) of the surface, increasing the initial protein
and cell adhesion; (3) the HA nano-rod shaped crystals,
increasing the HA nucleation potential and cell cultures
mineralization initiation; (4) the chemical interaction
between TiO, and HA resulting in additional nucleation sites
such as Ti-OH and TiO, nanoparticles®*™* in addition to the
micro-regions of Ca, P and Ti interdiffusion sites created
from chemical HA and TiO, coexistence. The high affinity of

TITANIA-HYDROXYAPATITE NANOCOMPOSITE COATINGS
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FIGURE 9. Focal adhesion of hMSC and hMSC-ob cultured on nanocomposites. Cells were incubated for 14 days on HA, TiO,, and TiO,-HA
nanocomposite coatings and then stained for F-actin (red) and vinculin (green) to visualize focal adhesion. Original magnification was 200x.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TiO, nanoparticles towards the absorption of organic
groups has been speculated to favour the absorption of se-
rum proteins upon cell seeding and matrix deposition by
the cultured cells.'? As previously shown, TiO, coatings ini-
tiate the growth of an interface of bonded calcium phos-
phate (CaP) forming a layer similarly as on CaP-coated
materials known to initiate mineralization of rat MSC.>¢
This directly bonded layer of about 500 nm facilitates CaP
deposits, further supporting mineralization. Also, the pres-
ence of hydroxyl groups such as Ti-OH on the TiO,-HA

Day 2

Day 7

nanocomposite surface has been shown to provide a site for
CaP nucleation.'® As TiO,-HA nanocomposites contain both
TiO, nano-zones (spherical nano-sized crystallites) and HA
hydroxyl (OH) species (rod-shaped nano-sized crystallites in
addition to flatter micron-sized aggregates), it can be postu-
lated that protein absorption and extracellular matrix for-
mation that readily take place on nano-TiO, surfaces would
be enhanced by the addition of the OH groups. The ability
of nanophases to promote interaction with serum proteins
and stimulate osteoblast adhesion®?” is also believed to

FIGURE 10. Surface morphology of hMSC cultured on nanocomposites. Cells were incubated for 2 and 7 days on HA, TiO,, and TiO,-HA nano-
composites and visualized by FEG-SEM. Images were acquired at a 100-um scale at 2 days and at a 50-um scale at 7 days.
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support hMSC mineralization. This suggests that the nano/
sub-micron topography of the TiO,-HA nanocomposite may
be involved in its osteogenic properties. In addition, the
reduced nano-roughness (both R, and S,) of the samples
may also play a role. Indeed, it has been observed that
human osteoblasts do not conform well to micro-irregular-
ities of Ti surfaces, suggesting that a lower roughness facili-
tates human osteoblast adhesion.> The TiO,-HA nanocom-
posites exhibited far lower roughness and higher
hydrophilicity than APS HA coatings which may be attrib-
uted to both its chemistry and processing method. Future
research work will need to address the possible relation-
ships between the nanotopography and the surface chemis-
try to better explain the events observed in this research.

CONCLUSION

Results of the present study suggest that the novel HVOF
sprayed TiO,-HA nanocomposite coatings, that exhibit supe-
rior mechanical strength and bonding, also demonstrate
chemically bound HA to the coatings surface, higher hydro-
philicity and a superior mineralization capacity of hMSC in
the absence of dexamethasone as seen though mineral nod-
ule formation (alizarin red and calcein stains), increased
ALP and OC expression, and increased extracellular matrix
production (cytoskeletal F-actin). The mineralization
capacity of stem cells on the novel TiO,-HA nanocomposite
surface is highly important for the development of bone
regeneration coatings. Taken together, these results indicate
that the TiO,-HA nanocomposites coatings, in addition to
being easily transferable to clinical settings, also have a high
osteoinductivity, which supports them as potential mechani-

cally and biologically improved load-bearing implant
coatings.
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