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Titania-Hydroxyapatite (TiO2/HAP) reinforced coatings are proposed to enhance the bioactivity and corrosion re-

sistance of 316L stainless steel (316L SS). Herein, spin- and dip-coating sol-gel processes were investigated to

construct two kinds of coatings: TiO2/HAP composite and TiO2/HAP bilayer. Physicochemical characterization

highlighted the bioactivity response of the TiO2/HAP composite once incubated in physiological conditions for

7 days whereas the TiO2/HAP bilayer showed instability and dissolution. Biological analysis revealed a failure

in human stem cells adhesion on TiO2/HAP bilayer whereas on TiO2/HAP composite the presence of polygonal

shaped cells, possessing good behaviour attested a good biocompatibility of the composite coating. Finally,

TiO2/HAP composite with hardness up to 0.6 GPa and elastic modulus up to 18 GPa, showed an increased corro-

sion resistance of 316L SS. In conclusion, the user-friendly sol-gel processes led to bioactive TiO2/HAP composite

buildup suitable for biomedical applications.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the progress in surgical techniques has led to a

marked growth in the use of biomaterials for advanced medical devices

and implants. Metallic materials such as 316L stainless steel (316L SS),

Cobalt–Chrome alloys, titanium (Ti) and alloys (Ti–6Al–4V) are widely

used biomaterials for hard tissue replacement due to their superior ten-

sile, strength, fracture toughness, corrosion resistance and biocompati-

bility within the human environment [1]. 316L SS is commonly used

in orthopedic medical field due to its favourable combination of me-

chanical properties, biocompatibility, cost effectiveness and of corrosion

resistance [2,3]. This latter is due to the presence of a passive thin oxide

film on its surface, which however, may still allow a significant release

of toxic ions such as nickel, causing pain and hampering thereby im-

plants biocompatibility and integration [4,5].

To improve 316L SS implants corrosion resistance and long-term

biocompatibility, various surface functionalization techniques have

been proposed [6]. Owing to its remarkable features, biomimetic

hydroxyapatite (HAP), calcium phosphate mineral with chemical

composition close to bone, was deposited onto metal implants using

plasma-spraying [7], pulsed laser deposition [8] and electrophoretic de-

position [9]… among these techniques, only plasma-spraying has

achieved commercial success for clinical applications. Despite excellent

biocompatibility and bone integration, somedrawbacks including insta-

bility and high thickness, heterogeneous composition, highly crystalline

and poor bioactive interface have been noticed regarding the long-term

performance of the resulting HAP coatings [2,10].

Sol-gel synthesis of HAP for implant coatings, using dip- [11,12] and

spin-coating [13] processes has recently attracted much attention [14,

15]. Based on mixing calcium and phosphorus precursors, these pro-

cesses do not require sophisticated equipment and are potentially less

expensive compared to above cited conventional techniques. This ver-

satile approach offers several advantages, e.g. low processing tempera-

tures, better control of the chemical composition and microstructure,

possibility of preparing homogeneous surfaces, adaptability to coat

complex implant shapes and a good bioactivity due to the presence of

many hydroxyl groups promoting calcium and phosphate precipitation

and improving the interactions with cells such as osteoblasts [16,17].

Unfortunately, a poor adhesion of biomimetic HAP to the 316L SS is
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still a common disadvantage. To achieve this issue, reinforcement with

inner titania (TiO2) layer has been proposed to improve the corrosion

resistance, mechanical strength and chemical stability of HAP-coated

316L SS. As a result, the combination of biomimetic HAP and TiO2 rein-

forcement acts as an effective barrier for 316L SS implant corrosion in

physiological fluid [11,18].

Accordingly, the aimof thiswork is to combinedip- and spin-coating

processes in order to generate two types of 316L SS coating: (i) TiO2/

HAP bilayer, formed by separate deposition of respectively inner TiO2

and outer HAP and (ii) TiO2/HAP composite, formed by a mixture of

TiO2/HAP. Physicochemical, corrosion resistance and mechanical fea-

tures of the resulting coatings under physiological conditions were in-

vestigated. In addition, stem cell response to both coatings was also

studied.

2. Experimental

2.1. Hydroxyapatite-titania coatings preparation

Phosphorus pentoxide (P2O5, Prolabo 100%) and calcium nitrate

tetrahydrate (Ca (NO3)2.4H2O, Fluka 98%) were dissolved in absolute

ethanol to form two solutions with concentrations of 0.5 M and

1.67 M, respectively. These solutions were mixed to obtain hydroxyap-

atite (HAP) sol with a Ca/P molar ratio of 1.67 [19]. The mixture was

continuously stirred at room temperature for 24 h. Titanium

isopropoxide (TIP, Fluka 100%) was used as titania (TiO2) precursor in

the sol–gel process. The reactivity toward water wasmodified by acetic

acid (HOAc) (molar ratio of TIP/HOAc = 1/10), also used as catalyst.

Thereafter, 2-methoxy ethanolwas added to adjust the degree of viscos-

ity of the solution. This solutionwith TIPmolar concentration of approx-

imately 0.47 M was vigorously stirred at room temperature [20].

316L stainless steel (316L SS) (20 × 10 × 2 mm) used as receiving

surface, were degreasedwith acetone, washedwith running double dis-

tilled water and dried at 150 °C for 10 min. 316L SS were mechanically

polished using different silicon carbide grit papers from 120 to 1200

grades and diamond paste of 2 and 0.7 μm in the final step, then

degreased again, washed and dried.

Related to the preparation of TiO2/HAP composite coating, TiO2 and

HAP solutions were mixed with a volume of 20 and 80 (vol.%), respec-

tively and continuously stirred for 14 h. After TiO2/HAP composite

layer was obtained by spin-coating at a speed of 2000 rpm for 10 s,

spin-coated 316L SS were then transferred into an air oven, held at

150 °C for 15min, and annealed at 500 °C for 60min in air. Subsequent-

ly, the coated–316L SSwas dipped in the suspensionwith a dipping rate

of 80 mm/min, dried and annealed as previously described. For the

preparation of the TiO2/HAP bilayer coating, TiO2 and HAP sols were

closely capped and aged for 24 h at room temperature and 100 °C, re-

spectively. TiO2 inner layer was obtained by spin-coating at a speed of

2000 rpm for 10 s, the coated 316L SS was then dried and annealed at

450 °C for 60 min. HAP outer layer was deposited onto the surface of

the TiO2 inner layer with dipping rate of 80 mm/min then dried and

annealed at 500 °C for 60 min in air.

2.2. Physicochemical, electrochemical and mechanical characterization

TiO2/HAP bilayer and composite coatingswere soaked in alpha-Min-

imal EagleMedium (α-MEM, Lonza) at 37 °C for 7 days and investigated

by:

2.2.1. Profilometry analysis using a “DEKTAK 150 SURFACE PROFILERT”

The surface of the coating is scanned at an interval of 1000–8000 μm.

Three different areas were scanned and measured to determine a mean

value for the thickness and roughness.

2.2.2. Near infrared confocal Raman spectrometer (LabramARAMIS, Horiba

Jobin Yvon S.A.S., France) coupled to a microscope (100× optimized objec-

tive Olympus, BX41, France) using excitation source at 785 nm

All spectra were acquired using a 20 s integration time in the 100–

1800 cm−1 spectral regionwith a spectral resolution of 4 cm−1. Data ac-

quisition was carried out by means of the LabSpec 5 software (Horiba

Jobin Yvon S.A.S. France). Data pretreatment consisted of cosmic ray re-

moval, wavenumber calibration, instrument response correction, and

CaF2 interference subtraction. All spectra were baseline corrected

using a fourth order polynomial and smoothed with 7 points Savitzky-

Golay algorithm in order to minimise the influence of noises. The

resulting spectrawere then normalized using a standard normal variate

(SNV) procedure [21].

2.2.3. Scanning electron microscopy-energy dispersive X-ray spectroscopy

(SEM-EDX, JEOL JSM 6010LA)

The X-ray spectra were acquired at primary beam energy of 10 keV

with an acquisition time of 30 s.

2.2.4. X-ray diffractometer (panalytical type MPD/system vertical θ/θ)

The X-ray pattern data was collected from 2θ=20° to 80° using in-

cremental step size of 0.02° with 59 s of acquisition time per step.

2.2.5. Potentiodynamic cyclic voltammetry tests using a Voltalab equipment

(serial: 913V708/INT), interfaced with a computer and loaded with

VoltaMaster 4 software

Aplatinumelectrodewas used as the auxiliary electrode and the sat-

urated calomel electrode (SCE) was used as the reference electrode.

Corrosion potential (ECorr), and corrosion current density (ICorr) were

determined using the Tafel diagram with sweeping potential from

−1000 to +1000 mV at the rate of 1 mVs−1, all tests were carried

out on several samples and, at least, three similar results were required

to ensure reproducibility.

2.2.6. Nano Indenter XP™ (MTS Nano Instruments) with a Berkovich dia-

mond indenter

316L SS coated samples were fixed on a metallic support using the

heat softening glue crystalbond 509. 25 indentation tests were conduct-

ed randomly on the surface of the material with the same indentation

testing conditions. The maximum indentation depth reached by the in-

denter was fixed at 2000 nm and the strain rate was equal to 0.05 s−1.

The instrument was operated in the continuous stiffness measurement

(CSM) mode allowing the computation of the elastic modulus and the

hardness continuously during the indentation loading. The harmonic

displacement was 2 nm and the frequency was 45 Hz. The elastic mod-

ulus of the coating, EC, is deduced from the reducedmodulus, ERC, given

by the instrument, which takes into account the elastic properties, Ei
and νi, related to the indenter material and the Poisson's ratio of the

coating, νc:

EC ¼ 1� ν
2
c

� � 1

ERC
þ

1� ν2
i

� �

Ei

" #�1

ð1Þ

For a diamond indenter, the elasticmodulus, Ei, and the Poisson's co-

efficient, νi, are equal to 1140GPa and 0.07, respectively [22]. νc is taken

equal to the mean value of 0.3 because the analysis deals with a multi-

layered coating.

For thin films, the substrate can interfere with themechanical prop-

erty measurement. Consequently, a model must be applied for separat-

ing the influence of the substrate on the measurement. Perriot and

Barthel [23] proposed the empirical model in Eq. (2) which represents

the measured reduced modulus, ERC, as a function of ERF (obtained for

the lowest loads and representing the reduced modulus of the film)

and ERS (obtained for the highest loads and representing the reduced
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modulus of the substrate):

ERC
a

t

� �

¼ ERF þ
ERS− ERFð Þ

1þ tx0
a

� �n ð2Þ

where x0 and n are adjustable constants. The parameter x0 is the value

of the a/t ratio for which ERC = (ERS + ERF) / 2. At the same time it cor-

responds to the change in curvature of the (ERC; a/t) curve plotted in

semi-log coordinates.

2.3. Biological tests

Human umbilical cords were harvested at the maternity of the Uni-

versity Hospital Center (CHU) of Reims, according to the guidelines ap-

proved by the ethical board of the CHU, in accordance with French

Article R 1243-57 and written non-opposition consent of the mothers.

All procedureswere done in accordancewith the authorization and reg-

istration number DC-2014-2262 given by the French National “Cellule

de Bioéthique”. Stem cells, enzymatically isolated from fresh human

umbilical cords obtained after full-term births [24], were cultured in

complete culture medium [alpha-Minimal Eagle Medium (α-MEM,

Lonza) supplemented with 10% decomplemented fetal bovine serum

(FBS), 1% Penicillin/Streptomycin/Amphotericin B and 1% Glutamax®

(v/v, Gibco)] and used in our experimental procedure at the 4th passage

(P4).

Autoclaved TiO2/HAP bilayer, TiO2/HAP composite and 316L SSwere

placed in 12well plates. Stem cells were seeded on the top of substrates

at 104 cells/cm2 and maintained in complete culture medium for 9 days.

2.3.1. WST 1 cell proliferation assay (Roche Diagnostics, France) performed

after 4, 7 and 9 days of stem cell culture

Absorbance was measured at 490 nm using a FLUOstar Omega mi-

croplate reader (BMG Labtech) against a background control as blank.

A wavelength of 750 nm was used as the reference wavelength.

2.3.2. Cytoskeleton stainingwith Alexa® Fluor-488 conjugated-Phalloidin®

(Invitrogen)

After 9 days of culture, stem cells were fixed with 4% (w/v) parafor-

maldehyde for 15 min at room temperature, permeabilized with 0.5%

(v/v) Triton X-100 for 15 min and finally stained with Alexa® Fluor-

488 conjugated-Phalloidin® (Invitrogen, 1/100) for 30 min. Nuclei

were counter-stained with 4,6-diamidino-2-phenylindole (DAPI,

100 ng/mL, 1:10,000 dilution) for 5 min. Stained cells were then

mounted and imaged by fluorescence microscopy (Zeiss microscopy,

×20).

2.3.3. Scanning electron microscopy (JEOL JSM 6010LA)

After 9 days of culture, stem cells were fixed in 2.5% (w/v) glutaral-

dehyde (Sigma-Aldrich) at room temperature 37 °C for 1 h. Cells were

dehydrated in graded ethanol solutions from 50 to 100% and in

hexamethyldisilazane (HMDS, Sigma) for 10 min. After air-drying at

room temperature, samples were sputtered with a thin gold–palladium

film under a JEOL ion sputter JFC 1100, before being observed with a

LaB6 electron microscope (JEOL JSM-5400 LV).

2.4. Statistical analysis

Data are presented as mean ± SEM for each condition. TiO2/HAP

composite and bilayer characterizationswere accomplished in triplicate

and comparisons were performed using non parametric Mann & Whit-

ney test. Biological test were done using three independent donors. For

each donor and each experimental condition, WST-1® was performed

in triplicate and an unpaired T-student test was then applied (GraphPad

Prism 5 software). For each test a value of p b 0.05 was accepted as sta-

tistically significant p (rejection level of the null-hypothesis of equal

means).

3. Results and discussion

Chemical and physical properties of TiO2/HAP bilayer and composite

coatings, including thickness, roughness, homogeneity and bioactivity

constitute critical parameters for biocompatibility. Due to high chemical

and thermal stability of TiO2 andHAP [25], this study is focused on TiO2:

HAP with fixed ratio 20:80. To evaluate the performance and the bioac-

tivity of the resulting coatings, all investigations were assessed on TiO2/

HAP bilayer and composite deposited on 316L SS soaked in a culture

medium for 7 days at 37 °C, as previously described [26,27]. This incuba-

tion period is shown to be enough to promote the formation of bone-like

apatite layer on the surface of theHAP coatings containing TiO2 [28–30].

3.1. Physical and morphological characterization

The structural characteristics of TiO2/HAP bilayer and composite

coated 316L SS in term of thickness and roughness are summarized in

Table 1. Both coatings exhibited structured surfaces with 1149 ± 58

and 761± 37 nm of roughness for TiO2/HAP bilayer and composite, re-

spectively. After 7 days of incubation in culturemedium, we noticed de-

crease (b1000 nm, p = 0.1, Mann & Whitney test) of TiO2/HAP bilayer

roughness whereas no significant changes of surface roughness were

observed on the TiO2/HAP composite (≈700 nm, p=0.2Mann&Whit-

ney test). The thickness of both coatings is estimated by profilometry

analysis and the obtained valueswere about 3 μmand 2.6 μm for bilayer

and composite, respectively, with no significant variations after culture

medium incubation (p= 0.4 and p= 0.1, Mann &Whitney test, for re-

spectively composite and bilayer). When considering translational ap-

plications, the use of dip- and spin-coating processes seems to be

favoured to design thin coatings b 10 μm, required for orthopedic and

dental implants [31]. The scanning electron microscopy (SEM) micro-

graphs showed an irregular and heterogeneous coating for TiO2/HAP bi-

layer (Fig. 1a)whereas a uniform coatingwas obtained for the TiO2/HAP

composite (Fig. 1c). A closer SEM examination showed that HAP ex-

hibits various sized clusters (Fig. 1b, yellow arrow) and granular-like

particles (Fig. 1b, red arrow) for TiO2/HAP bilayer, in accordance with

Kim et al., data obtained on TiO2/HAP deposited on titanium [25],

whereas needle-like particles are displayed on TiO2/HAP composite

(Fig. 1d, blue arrows). The needle-likemorphology is thought to provide

a high surface area and to possess higher bioactivity [32]. After 7 days of

incubation in culture medium, while at lower SEM magnification both

TiO2/HAP bilayer (Fig. 1e) and composite (Fig. 1g) showed smoother

surfaces, the higher magnification highlighted the modifications of the

surface morphology. Indeed, more distinguishable nano-granular mor-

phology was observed on TiO2/HAP bilayer (Fig. 1f, red dashed arrows)

whereas on TiO2/HAP composite there was a switch form needle-like to

granular-like structure (Fig. 1g, red arrows). To highlight and confirm

HAP particles dispersion within the 316L SS, elemental X-ray maps ob-

tained by SEM coupled to energy dispersive X-ray spectroscopy (SEM-

EDX) were performed. Coating the 316L SS with TiO2/HAP resulted in

a decrease in elements associated with the 316L SS including Fe, Cr

and Ni, while intense peaks for Ca and P appeared in TiO2/HAP bilayer

and composite with a higher Ti peak in TiO2/HAP composite (Fig. 2,

black line). After 7 days of incubation in culture media, a clear change

in elements peak intensity was noticed on both coatings. An increase,

especially for Ca and P peaks, was noticed for TiO2/HAP composite

Table 1

Structural parameters of TiO2/HAP coated 316L SS.

Medium (α-MEM) Bilayer Composite

pH 7.60 7.80 7.81

Roughness (nm) Day 0 1149 ± 58 761 ± 37

Day 7 905 ± 52 706 ± 73

Thickness (nm) Day 0 3158 ± 83 2672 ± 89

Day 7 2983 ± 51 2646 ± 92
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Fig. 1.Morphological characterization. Scanning electronmicroscopy observations of TiO2/HAPbilayer (a, c, e and f) and composite (c, d, g and h) coated 316L SS, before (a–d) and after (e–

h) 7 days of culture medium soaking (scale bar = 200 and 10 μm). Red Arrows indicate granular-like particles, yellow arrow indicates HAP clusters, blue arrows indicate needle-like

particles and dashed red arrows indicate nano-granular particles.
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however, a sharp decrease in both elements was observed for TiO2/HAP

bilayer (Fig. 2, red line). In spite the absence of pH variation of the cul-

ture medium (Table 1), increased Ca and P ions on TiO2/HAP composite

could be attributed to the adsorption of ions, from the culture medium,

via OH− and PO4
3− ions present on the coating surface as reported pre-

viously [33]. However, decreased Ca and P on TiO2/HAP bilayer,

consisting of a crystalline inner layer of TiO2 with a weaker crystalline

layer of HAP at the outer surface, might be caused by the partially disso-

lution of the HAP outer layer and thus the release of both ions.

3.2. Chemical composition

Fig. 3 depicts respective patterns of the confocal Raman spectrosco-

pymeasurements and of X-ray diffractometry (XRD) of TiO2/HAP bilay-

er and composite. Raman analysis of both coatings showed typical HAP

vibrations ν2PO4
3− bending (O\\P\\O) mode at about 430–450 cm−1,

ν1PO4
3− symmetric stretching (P\\O)mode at 960 cm−1, ν4PO4

3− bend-

ing (O\\P\\O) mode at 585–610 cm−1 and ν3PO4
3− asymmetric

stretching (P\\O)mode at 1020–1080 cm−1 [34] with a single TiO2 sig-

nature at 144 cm−1, attributed to Eg modes anatase [35] (Fig. 3a and b,

black line). Peak at 300 cm−1 is assigned to goethite of the 316L SS sub-

strate [36]. After 7 days of incubation, differences between TiO2/HAP bi-

layer and composite were clearly distinguished. While TiO2/HAP

composite did not show any variation (Fig. 3b, red line) a decrease in

HAP peaks intensity and an increase in anatase peak at 144 cm−1 with

an appearance of anatase peaks at 399, 519 and 639 cm−1 [35] was

noticed for TiO2/HAP bilayer (Fig. 3a, red line). The phases of TiO2/HAP

bilayer and composite were then characterized by X-ray diffractometry

(XRD). According to International Center for Diffraction Data (ICDD)

patterns, XRD patterns showed that besides the reflections from 316L

SS (peaks at 2θ = 44.05°, 51.14° and 75.09°, PDF no. 00-006-0694),

TiO2/HAP bilayer and composite illustrated typical HAP diffraction

peaks at 2θ = 25.9°, 31–32.9° and 34° (PDF no. 09-0432) and a weak

peak at 2θ=25.35° corresponding to the crystallization of TiO2 into an-

atase crystals (PDF no. 00-004-0477) (Fig. 3c and d, black line). Com-

pared to the TiO2/HAP composite, TiO2/HAP bilayer showed sharp and

narrow HAP peaks. We previously showed that the microstructural

characteristics of the HAP depend on the surface features of the under-

lying substrate [11]. Therefore, we noticed an improvement of HAP

crystallization when TiO2 inner layer was deposited. Mixing HAP and

TiO2 in the composite is thought to delay the crystallization of HAP

and thus forming weaker peaks [30]. Comparing the pattern of each

coating, there were no significant differences in their behaviour after

medium soaking (Fig. 3c and d, red line) despite a good development

of some diffraction peaks corresponding to the TiO2/HAP composite

(Fig. 3d red line). We can also note that the main peak of TiO2 (2θ =

25.35°) is merged with the HAP peak because of their close diffraction

angles and is barely visible in the TiO2/HAP composite due to a low

percentage of TiO2 within the coating. Immersion of calcium phosphate

ceramics into biologicalfluids involves a dissolution process immediate-

ly followed by the precipitation of a bone-like apatite phase, a signature

of the bioactivity of the prosthetic material [17]. The bioactivity of

Fig. 2.Elemental X-raymap. Scanning electronmicroscopy - energy dispersive X-ray spectroscopymeasurement of TiO2/HAP bilayer and composite coated 316L SS, before (black line) and

after (red line) 7 days of culture medium soaking.
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TiO2/HAP bilayer and composite was thus illustrated across structural,

morphological and chemical changes observed after incubation in cul-

ture media.

3.3. Biological tests

Results of in vitro biological tests involving stem cell behaviour on

both TiO2/HAP bilayer and composite and on control (inert and biocom-

patible 316L SS) are summarized in Fig. 4. Cytotoxicity of both coatings

was studied using the WST-1® assay and absorption values of reduced

WST-1® reagent after 4, 7 and 9 days of stem cell culture are represent-

ed in the Fig. 4a. On TiO2/HAP composite, as on control, stem cells were

metabolically activewith an increase of absorbance values and a plateau

appearing from day 7 until day 9 for TiO2/HAP composite whereas on

316L SS control (p=0.0085 for composite versus 316L SS for 9 days, un-

paired T-student test), absorbance values increased linearly from day 4

to 9. In contrast, WST-1® reagent was not reduced by stem cells culti-

vated on TiO2/HAP bilayer (p b 0.0001 for bilayer versus composite

and 316L SS for 4, 7 and 9 days, unpaired T-student test) despite the ab-

sence of toxic released substances from TiO2/HAP bilayer (data not

shown). WST-1® assay measures metabolic activity of intact viable

cells and any increase of absorbance could be a result of cell

proliferation over the time. Thus, these results suggest that TiO2/HAP bi-

layer coating prevents stem cell attachment, whereas TiO2/HAP com-

posite promotes stem cell proliferation until day 7 of culture.

Considering the above described results, the higher roughness of TiO2/

HAP bilayer could decrease the contact area between the cellmembrane

and the surface inducing a greater cellular stress on TiO2/HAP bilayer

[37,38]. Fig. 4b and c display stem cell morphologies after 9 days of cul-

ture on TiO2/HAP coatings investigated by SEM and cytoskeleton visual-

ization, respectively. Stem cells on TiO2/HAP composite and 316L SS

covered the entire surfacewhereas on TiO2/HAP bilayer only few round-

ed cells were seen. On 316L SS control, cells displayed fibroblastic mor-

phology with parallel oriented cytoskeleton, preserving then their stem

cell morphology. In contrast, stem cells on TiO2/HAP composite seemed

to lose their fibroblastic morphology and had a tendency to organize

themselves in a multi-layered structure. Surface topography can be

sensed by cells and even the finest changes can have a large effect on

stem cell behaviour including proliferation, adherence and differentia-

tion [39,40]. In contrast with previous published works [41,42] where

an improvement of the biocompatibility of HAP coating with an inner

TiO2 layer is noticed, our results showed that stem cells adhesion is im-

paired on TiO2/HAP bilayer. TiO2/HAP composite coating showed a

slight promising result on stem cell behaviour when compared to

Fig. 3. Chemical composition. Raman spectrum of (a and b) and pattern of X-ray diffraction (XRD) (c and d) of TiO2/HAP bilayer (a, c) and composite (b, d) coated 316L SS, before (black

line) and after (red line) 7 days of culture medium soaking. (*) HAP, (S) 316L SS and (◊) Anatase.
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uncoated 316L SS. Indeed, TiO2/HAP composite delayed the proliferative

state of stem cellswhereas on316L SS cells continued to proliferate after

7 days of culture and in contrast to elongated and aligned cells on 316L

SS, multi-layered stem cells were observed on TiO2/HAP composite.

Taking together, our results suggest a possible stem cell proliferation/

differentiation switch into bone lineage. Indeed, enhanced osteogenic

differentiation in response to HAP (rough) coated surfaceswas correlat-

ed to reduced cell proliferation and cell morphological changes, when

compared with smooth and uncoated surfaces [43]. Further studies

are required to identify whether stem cells are committed into bone

forming cells.

3.4. Corrosion resistance and mechanical features investigations

316L SS steel implants are prone to localized attacks in long-term

applications due to aggressive biological effects and this can be a

source of some cytotoxic corrosion products affecting cell metabo-

lism, proliferation and differentiation [44,45]. Based on the biological

results, this part of the study will be focused on the TiO2/HAP com-

posite. Potentiodynamic cyclic voltammetry curves of TiO2/HAP

composite and uncoated 316L SS are shown in Fig. 5a. It is generally

recognized that corrosion current density (ICorr) represents the

corrosion rate of the metallic material and the corrosion resistance

of the substrate increases when the corrosion current density

decreases [46]. In addition, the more positive is the value of the

corrosion potential (ECorr), the better is the corrosion resistance.

The potentiodynamic curve of TiO2/HAP composite is shifted toward

the positive potential side, compared to uncoated 316L SS with

respectively corrosion parameters (ECorr = −0.52 V and ICorr =

0.78 μA cm−2) and (ECorr = −0.81 V and ICorr = 1 μA cm−2);

meaning that TiO2/HAP composite seems to be more resistant

to the corrosion than 316L SS. This result is thought to be related to

Fig. 4. Biological tests. (a)WST-1® assay after 4, 7 and 9 days of culture of stem cell on 316L SS (positive control), TiO2/HAP composite and bilayer. The extent ofmetabolic cell activity was

quantified bymeasuring the absorbance of the reducedWST-1® reagent at 490/750 nm. Values represent themean± S.E.M. of three independent donors performed in triplicates. (£££)

p b 0.0001 for bilayer versus composite, (***) p b 0.0001 for bilayer versus 316 L SS for 4, 7 and 9 days and ($$) p=0.008 for composite versus 316 L SS for 9 days, unpaired T-student test.

Representative SEM (b) and cytoskeleton fluorescent (c) images of stem cells after 9 days of culture (scale bars = 50 μm).
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the dense and compact TiO2/HAP composite obtained upon medium

soaking as previously described in Fig. 1g; acting as blocking layers

against ion diffusion [18].

Besides the corrosion test, evaluating surface mechanical properties

such as hardness and elastic modulus, were also performed and deter-

mined directly from indentation load and displacement measurements

[47,48] and the results of surface incubation, are represented in Fig. 5b.

While the hardness of the TiO2/HAP composite revealed weak and sta-

ble values of about 0.15 GPa, its soaking in the medium for 7 days in-

creased the hardness from 0.15 GPa at 100 nm to 0.6 GPa after

850 nm of indenter penetration. Beyond this later depth, which repre-

sents 30% of the coating thickness, the hardness measurement is more

influenced by the underneath 316L SS. Despite the fact that there is no

universal penetration depth beyond which the substrate effects come

in, Xu and Rowcliffe [49] stated that beyond 50% of the indenter pene-

tration within the coating thickness; the substrate interferes with the

hardness measurement for soft material deposited on hard material.

Using the previously obtained indentation data in Eq. (2), we were

able to evaluate the elastic modulus of the TiO2/HAP composite. As a re-

sult, Fig. 5c is a typical curve representing the elastic modulus variation

as a function of the ratio (a/t). In the range of 0–0.25 (a/t) for the inden-

tation penetration lower than 180 nm, we observed some variations in

the indentation data related to the insufficient precision of the influence

of the indenter tip defect involved in the computation of the contact

area. Starting from the limit of a/t = 0.25, we noticed an increase in

TiO2/HAP composite elasticmodulus (from 7 GPa to 18 GPa) due tome-

dium components precipitation and surface retention, a signature of

bioactivity as previously demonstrated. Soaking the TiO2/HAP compos-

ite in medium resulted in an improvement of both hardness up to

0.6 GPa and elastic modulus up to 18 GPa which lies in the domain of

human cortical bone [50,51].

4. Conclusion

Using both spin and dip processes we were able to build two differ-

ent coatings. The TiO2/HAP bilayer formed by deposition of HAP outer

and TiO2 inner layer, revealed unsatisfactory structural features includ-

ing bonding failure and surface delamination along with a high surface

roughness leading to lack of stem cell adhesion. In contrast, the TiO2/

HAP composite exhibited better structural features and biocompatible

properties. Indeed, stem cells attached well onto the surface, prolifer-

ated, and presented a polygonal morphology different from the

fibroblastic-like morphology found on 316L SS. The difference, in

cell proliferation rate and morphology, found between TiO2/HAP

composite and 316L SS could be due to a possible proliferation/dif-

ferentiation switch into bone lineage. Further studies are required

to evaluate the early and late (extending culture time) surface relat-

ed cell behaviour. Moreover, TiO2/HAP composite improved the cor-

rosion resistance of the 316L SS implant and showed mechanical

properties close to that of hard tissue once incubated in physiological

conditions for 7 days, highlighting its potential application in hard

tissue replacement.
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Fig. 5. Corrosion and mechanical features. (a) Potentiodynamique curves of TiO2/HAP composite (red line) and 316L SS (black line) after 7 days of culture medium soaking. (b–c)

Indentation data versus the indenter displacement applied on the TiO2/HAP composite coating for the determination of the (b) hardness and (c) elastic modulus before (black line)

and after (red line) 7 days of culture medium soaking.
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