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Abstract 

TaN(Ag) composited coatings are being investigated to improve biocompatibility of different biomedical devices due 

to the mechanical and chemical stability of TaN and bactericidal effect of silver nanoparticles. However, controlling 

the size, density, shape and especially the release of silver ions (Ag) into the surrounding medium becomes a challenge, 

since elevated levels of Ag could be cytotoxic. The aim of this work is to design and develop a new 

Ta/TaN/TaNx(Ag)y/TaN coating system, deposited by unbalanced DC magnetron sputtering technique, presenting an 

adequate balance between biocompatibility and bactericidal effect for potential applications in biomedical field. For 

this purpose, four different coating systems were deposited on 316L stainless steel and silicon (100) samples applying 

a bias voltage of -30, -60, -90 and -120V during the deposition of the top layer of TaN to vary its density. This 

manufacturing strategy allowed controlling the diffusion of silver nanoparticles to the coating surface and the release 

kinetics of silver ions in simulated body fluid (SBF). Biologic characterization has been performed with MC3T3-E1 

pre-osteoblastic cells in terms of cell adhesion and long-term differentiation. Additionally, the adhesion and biofilm 

formation of the bacteria Streptococcus sanguinis strain in the deposited coating systems of Ta/TaN/TaNx(Ag)y/TaN 

were analyzed. The results indicated an improvement of cell adhesion and differentiation of the composited coating 

deposited with a bias of -30V compared to other coatings. Concordantly, this coating showed the lowest bacterial 

adhesion and biofilm formation, representing an attractive and suitable composited material for biomedical applications. 

KEYWORDS: biocompatible coatings, Ag nanoparticles, biomedical devices, magnetron sputtering, MC3T3 

preosteoblastic cells, Streptococcus sanguinis.  

 

1. Introduction 

In the recent decades, numerous studies have reported diverse surface modification techniques for metallic 

materials such as AISI 316L stainless steel and titanium alloys, widely used in the manufacture of implants for bone 

tissue and divers biomedical devices like a surgical instrumentation. Many strategies have been employed (1,2) for 

surface bio-functionalization, in order to obtain roughness values, nanostructured patterns, metallic inclusions, and 

anchorage of organic molecules (1,2).The ultimate aim of these surface modification is to favor cell adhesion, increase 

gene expression and differentiation of osteoblasts (3), and consequently to achieve the rapid regeneration of bone tissue 

from a successful osseointegration process. The formation of duplex coatings by means of the diffusion of nitrogen in 

the steel surface makes it possible to control the precipitation of nitrate, preserving corrosion and wear resistance caused 

by free chromium matrix (4,5). 

Tantalum element (Ta) is in the focus of biomedical research, due to its known non-toxic behavior, on account of 

its high chemical and thermal stability, which prevents adverse reactions or body alterations (6–8).The invention of the 

tantalum porous foam on Ti6Al4V alloy substrates used in the advancement of orthopedic applications (9) is an 

illustration of this phenomenon. Recently, tantalum nitride (TaN) has been developed through different methods 

including RF magnetron sputtering (PVD) (10), chemical vapor deposition (CVD) by thermal controlled process with 

a precursor of Ta foams (11,12), or atomic layer deposition (PEALD) in a NH3 rich plasma (13). 

Although TaN coating has been little explored in the literature, there are some works that focus on characterizing 

mechanical and tribological properties of its structure (14,15) describing it as an hard and high wear resistance coating 

(16,17). Some reports described its particular electrical properties that allow vast utility as resistors in integrated circuits 

(18–20). Among the many applications intended for this coating in the field of biomedicine, the most promising could 

be its application in orthopedic prosthesis in order to further improve the interaction process between the device and 

bone tissue (21). However, to date industrial application of this kind of coatings is at an early stage (22).  
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Bacterial adhesion and subsequent biofilm formation on the surface of implantable biomaterials are an 

important focus of pathogenesis infection (23). Metallic inclusions of metal nanoparticles that act as broad spectrum 

bactericide elements such as silver (Ag) (24–26) in coatings formed by a ceramic matrix such as TaN, could effectively 

counteract the anchoring and bacteria colonization of metallic biomaterials in bone implantation. Nevertheless, precise 

control of the delivery of the nanoparticles is essential in order not to affect cell viability levels (27–30). Multilayer 

duplex coating systems of TaN(Ag) that include layers containing silver nanoparticles - Ag(NPS) -  and layers 

controlling their diffusion, make possible to improve both mechanical and antimicrobial performance of susbtrates. 

Cytotoxicity and bacterial effectiveness of Ag(NPS) are related to its amount or concentration in coatings, as 

well as its strong surface oxidation and its capability to release ions in biological media (31,32). The size of the 

nanoparticles also plays an important role in the biological response. This shows that the smaller the particle, the larger 

the surface area, hence the dissolution rate and reaction in aqueous medium increases (33–35).Diseases such as peri-

implantitis and peri-implant mucositis, which result from biofilm formation and bacterial colonization, cause implant 

loss due to degeneration of connective tissue and mucosal destruction leading to possible bone resorption and 

disengagement of the implant (36,37) in the case of oral applications. Duske et. al reported that in a period of 10 years 

near 10% of implants placed were affected by advanced peri-implant mucositis (38), while other authors indicated that 

around 20% developed peri-implantitis after surgical procedures (39,40). 

The aim of this work was the design and development of a Ta/TaNx(Ag)y/TaN coating system (hereinafter 

named TaNx(Ag)y) deposited by unbalanced DC magnetron sputtering technique, presenting an adequate balance 

between biocompatibility and bactericidal effect. In order to control the diffusion of silver to the surface of the coatings, 

a TaN diffusion layer was deposited by varying the bias voltage during the deposition; This provides a greater degree 

of densification in the surface structure of the coating acting as a barrier. Biocompatibility of the systems has been 

evaluated in terms of cell adhesion, cell morphology, long term growth and functional differentiation of murine MC3T3-

E1 pre-osteoblastic cells. In addition, we analyzed the behavior of the different materials in relation to initial adhesion 

and biofilm formation of the bacterial strain Streptococcus sanguinis. Streptococcus have been selected as they 

constitute 20 % of all supragingival microorganisms present in the oral microbiota(41) and 80% of the settlers during 

the first phase of biofilm formation(42). 

2. Materials and methods 

2.1 Substrate preparation 

316L stainless steel substrates (19 mm in diameter and 3 mm thickness) and single crystalline silicon (111), were 

coated with a duplex coating system consisting of pulsed plasma nitriding and subsequent deposition of a TaN coating. 

A rectangular self-manufactured vacuum chamber with dimensions of 700 x 700 x 800 mm3 was used and the 

unbalanced DC magnetron sputtering technique was applied. All steel samples were polished using SiC emery paper 

with a grain size between 300 and 1200 and subsequently polished in alumina aqueous solution to a mirror finish until 

an average roughness of Ra= 0.05m was obtained. The polished samples were cleaned in an ultrasonic bath with 

alcohol-acetone solution for 15 minutes. Before nitriding, all substrates were subjected to ionic cleaning for 30 minutes 

in Ar/H2 plasma at a pressure of 31 Pa, temperature of 120 °C and bias voltage of -430 V. Nitriding of the samples was 

carried out for 7 hours at 350 °C, pulsed bias voltage of -750 V (on 80 µs and off 20 µs), keeping constant pressure and 

using an Ar /N2/H2 atmosphere with a gas flow ratio of 18:15:15 sccm, respectively. The low temperature of plasma 

nitriding was used to avoid the precipitation of chromium carbides, conserving the corrosion resistance of 316L steel. 

For the manufacture of the coatings, two rectangular targets located opposite each other of Ta and Ag with a purity 

of 99.5 % and dimensions of 100 x 100 x 500 mm3 were used. Before the composite coatings of TaNx(Ag)y were 

deposited, an ionic cleaning of substrates was performed for 30 minutes in a gas mixture of H2/Ar at a pressure of 8 Pa, 

substrate bias voltage of -650 V (on 80 µs and off 30 µs) and a temperature of 120 °C. 
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2.2 Development of a Ta/TaN/TaNx(Ag)y/TaN nanocomposite coating 

Ta and TaN adhesion layers with a total thickness of around 120 nm were deposited first on the sample surface as 

shown in Figure 1. The adhesion layers reduce the residual stresses caused by the differences of the crystalline structures 

and nature of the substrate (metallic) and the coating (ceramic). Moreover, this first layer (adhesion layer) improves the 

adhesion of the subsequent layers and  reduces the porosity of the interface, whereby the corrosion process of the 

substrate could be delayed (43–46).The parameters used for the deposition of TaNx(Ag)y coatings like a silver reserve 

and for the upper diffusion layer of TaN are reported in Table 1. 

After depositions of coatings, a set of the samples were subjected to heat treatment at 200° C for 4 minutes to 

promote the diffusion of Ag through grain boundaries to the surface. This heat treatment was carried out in a Nabertherm 

Brand oven with controlled nitrogen atmosphere. The heat treated samples were removed from the oven and 

immediately cooled with compressed air. The inclusion of the top diffusion layer of TaN (around 60nm in thickness) 

deposited at different bias voltages was aimed to act as a diffusion barrier for the silver particles in order to control their 

final size and release rate to the external environment. 

Tantalum nitride doped with silver nanoparticles TaNx(Ag)y was deposited during 2 h and 40 min, applying a DC 

power of 1000 W and 70 W to the Ta and Ag target, respectively. All used process parameter are described in Table 1. 

 

 

Figure 1. Design of TaNx(Ag)y multilayer coatings deposited on plasma nitrided AISI 316L stainless steel. 

Finally, a diffusion top layer of TaN was deposited on each TaNx(Ag)y coating applying a bias voltage 

between -30 and -120 V as consigned in Table 1. All coatings were deposited at a temperature of 273 °C, and substrates 

located at a distance of around 80mm from the targets and rotating at a speed of 30 rpm. 
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Table 1. Deposition conditions of TaNx(Ag)y multilayer coatings. 

Pressure (mbar) 3,5x10-3   

Bias voltage  -70   

Power Ta target (W) 1000   

Time coating (h) 3   

Sample 

TaNx(Ag)y 

Diffusion layer TaN 

Bias voltage (V) 

Deposition 

rate (µm/h) 

30V-DL -30 0.327 

60V-DL -60 0.346 

90V-DL -90 0.344 

120V-DL -120 0.345 

 

 

 

2.3 Coatings characterization 

Coatings morphology and topography were examined by scanning electron microscopy (SEM) with a JEOL JSM-

6490LV device. The chemical composition of independent coatings was estimated by energy dispersive spectroscopy 

X-ray (EDX) operating at 15 KeV coupled to SEM and supported by INCA Energy software. Phases compositions were 

established with a X-ray diffractometer (Panalytical Empyream), using Cu K1 radiation with λ=1.540598 Å, 45 kV, 

40 mA, incidence angle of 1° and step to 0.05 per second. In order to study the transversal morphology and distribution 

of layers in the coatings, thickness was assessed on the coatings obtained on silicon using a scanning electron 

microscope with a focused ion gun (FIB) incorporating a X-MaxN device, with a milling current of 50 pA and a voltage 

of 30 KV.   

Ag released of the coated samples to the surrounding medium was detected by measuring in triplicate the Ag 

concentration in simulated body fluid (SBF) by Standard Method 3000 Metals (3030B preliminary treatment of samples 

b. filtration for dissolved and suspended metals), with a microwave-induced plasma atomic emission spectrometer, 

model MP‐AES 4100, Agilent. After immersion of tests for 1, 8, 20 and 30 days. Substrates and coatings roughness 

(Ra) were obtained from 10 measurements with a Bruker Pektakxt contact profilometer with contact force of 3 mg for 

30 s and a sliding distance of 1500 µm, in accordance with the DIN EN ISO 4287:1998 norm. The coatings and substrate 

micro hardness was evaluated through the nanoindentation method in an IBIS Authority Fischer – Cripps device, with 

a Berkovich diamond tip at 21 °C. The loading and unloading force was maintained at 0.026 mN/ nm at peak load of 

3.5 mN; more than seven indentations were performed in a depth range of 80 to 120 nm (about 10% of the thickness of 

the coatings). The Oliver-Pharr method (47) was applied to determine the hardness (H). Structural properties such as, 

roughness, grain size, and tribological features like as coefficient of friction and wear rate of the different coatings can 

be consulted in previous published works (48,49). 

Wettability tests for the coated and uncoated AISI 316L stainless steel substrate and contact angles were determined 

using 3 µL drops and utilizing three reference liquids: ultrapure water (Milli-Q) (polar liquid), formamide (polar liquid, 

Sigma) and glycerol (nonpolar liquid, Sigma) with known surface energy components (50,51). The surface free energy 

was determined using the Owens-Wendt-Rabel-Kaelble (OWRK) approach method (52,53). 
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2.4 Biocompatibilty evaluation of the coatings 

The different coatings produced on steel samples were used as substrates of 19 mm diameter for cell cultures. Polished 

and unpolished AISI 316L stainless steel substrates were used as control. All samples were UV sterilized in a laminar 

flow cabinet for 1 hour prior to cell and bacterial seeding. 

2.4.1 Pre-osteoblast cell culture 

Commercial MC3T3-E1 preosteoblast cell line (RIKEN cell bank, Japan) was cultured in Dulbecco's Modified Eagle 

Medium (DMEM, Invitrogen) supplemented with 10 % fetal bovine serum (FBS, Invitrogen) and 1 % penicillin–

streptomycin (P/S, Lonza). Cells were maintained in a humidified atmosphere at 37 °C and 5 % CO2 and passaged twice 

a week using standard techniques avoiding cell confluence. In all experiments density of seeding was 10,000 cells/cm2. 

Each experiment was performed in triplicate. 

2.4.2 Cell adhesion  

To examine initial cell adhesion, cells were cultured for 3 h in DMEM (Gibco) supplemented with 10% FBS 

(Invitrogen) and 1% P/S (Lonza). After culture, cells were washed in Dulbecco´s phosphate buffered saline (DPBS, 

Invitrogen) and fixed in formalin solution (Sigma) at 4 ºC for 1 h. Samples were then rinsed with DPBS and 

permeabilized with DPBS / Triton x-100, 0.5 % for 10 min at room temperature (RT). To reduce background signal, 

samples were incubated in blocking solution (DPBS / Triton x-100, 0.1 % / goat serum 5 %) for 1 h and subsequently 

incubated in primary antibody anti-vinculin (Sigma) diluted 1:400 in blocking buffer for 1 h at 37 ºC. After that, they 

were washed in washing buffer (DPBS + Triton x-100, 0.1 %) 3 times for 5 min each, followed by incubation with 

labelled secondary antibody Cy3 (Santa Cruz Technologies) and BODIPY FL phallacidin (Invitrogen), diluted 1:200 

and 1:400 respectively in blocking buffer for 1 h at 37 ºC for cytoskeleton staining. Finally, the samples were rinsed in 

washing buffer 3 times for 5 min each, and mounted in Vectashield containing DAPI staining (Vector laboratories). 

Samples were observed under an epifluorescence microscope (Nikon Eclipse 80i). 

2.4.3 Cell differentiation  

After 48 h of cell culture in basal medium (DMEM / FBS 10 % / P/S 1 %) allowing the cells to reach confluence, the 

cells were stimulated to differentiate with osteogenic differentiation medium (DMEM / FBS 10 % / P/S 1 % / Ascorbic 

Acid 50 µg/mL / β-glicerophosphate 10 mM / dexamethasone 0.1 µM). Osteogenic markers were evaluated after 15 

days of culture. Immunostaining procedures were performed as explained above in section 2.4.2, but using the different 

antibodies indicated in Table 2. 

Table 2. Primary and secondary antibodies used in differentiation experiments. 

Osteogenic 

differentiation 

Primary antibody 

 

Secondary antibody 

 

OPN 
OPN mouse anti mouse, Santa Cruz 

Biotechnology, dilution 1:200  

Alexa Fluor 488 goat anti mouse, Life 

Technologies, dilution 1:200  

IBSP IBSP rabbit anti mouse, dilution 1:200  
Alexa Fluor 488 goat anti rabbit, Life 

Technologies, dilution 1:200 
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2.5 Bactericidal tests 

2.5.1 Bacterial strain and culture 

The oral bacterial strain used for adhesion and biofilm assays was Streptococcus sanguinis (ATCC 10556), 

obtained from the Spanish Type Culture Collection (CECT). The bacterial strain was routinely maintained in Brain 

Heart Infusion (BHI) (OXOID LTDA, Basingstoke, Hampshire, UK) agar or broth at 37 °C in 5 % CO2 (Galaxy 170S, 

Eppendorf AG, Hamburg, Deutschland) to obtain cultures. These cultures were incubated in BHI broth with CO2 

atmosphere (5 %) for 18-24 hours at 37 °C. The times and volumes of the medium employed were in accordance with 

the feasibility and optimal growth conditions to carry out adhesion experiments of microorganisms, which were selected 

after analyzing the growth curve of the strain used. 

2.5.2 Bacterial adhesion on the surface of the coatings 

For the initial adhesion assay, the bacteria were then harvested by centrifugation for 5 min at 1000 g (Sorval TC6, 

Dulon, USA) and washed three times with phosphate buffered saline (PBS, pH 7.2) preconditioned at 37 °C. The 

bacteria were then suspended in PBS at a concentration of 3x108 bacteria per milliliter. Initial adhesion experiments of 

the microorganisms were carried out in static mode at 37 °C. To avoid microbial sedimentation effect this was done 

with mild orbital agitation of 20 rpm for periods of 30, 60 and 90 minutes.  

       2.5.3 Biofilm formation on the surface of the coatings 

For the biofilm formation assays, the bacteria were inoculated in BHI and grown overnight at 37 ºC. The bacterial 

concentration was adjusted by spectrophotometry until 62 % of transmittance (Helios epsilon model, Thermo 

Spectronic, Thermo Fisher Scientific Inc., Cambridge, UK) at 492 nm wavelength (λ), in order to obtain approximately 

3x108 CFU/mL. The samples were placed in 12-well plates and sterilized under ultraviolet light in a horizontal laminar 

air flow cabinet for 45 min. Then, to facilitate adhesion, 2 mL of bacterial suspension were placed in contact with the 

samples for 90 minutes at 37 ˚C. Subsequently non-adherent bacteria were carefully removed, and fresh sterile BHI 

was added and cultured for 24 hours at 37 ˚C in CO2 atmosphere. After incubation, the samples were washed with BHI 

and viable bacteria in biofilm were quantified with the BacTiter-Glo™ Microbial Cell Viability Assay (Promega 

Corporation, Madison, WI, USA). 1mL of the BacTiter-Glo™ Reagent per sample was added and incubated in darkness 

for 10 min with gentle shaking (20 rpm). The supernatant was transferred to polystyrene opaque/white sterile 

microplates (Greiner Bio-one. Germany) and the light emission reaction (luciferin-luciferase) was measured by a 

luminometer (Microplate Fluorescent Reader FLX 800, Bio-Tek Instruments, USA). Each assay was repeated three 

times with different cultures in order to confirm reproducibility. 

2.6 Image analysis 

 

Images of cultured cells were acquired at 10x and 40x magnification (n = 10) (DAPI channel-nuclei, and FITC 

channel for OPN and IBSP detection). The images were analyzed and treated with Fiji-Image J software, transformed 

to an 8-bit grayscale bitmap and segmented using the Trainable Weka Segmentation plugin to create a binary mask. 

Total nuclei per image, focal adhesion or total expression of OPN and IBSP were quantified using the particle analysis 

command. Cell morphology was analyzed by calculation of different parameters using ImageJ software. Cell spreading 

area and roundness (4 × area π-1 × [major axis]2) were calculated by evaluation of at least 20 cells for each condition. 

The quantification of bacteria adhering to different surfaces was carried out with six images per sample at 100x. The 

images were analyzed using NIS Elements Br software (Nikon Instruments Inc., NY, USA).  

 

2.7 Statistical Analysis 
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All results are shown as mean ± standard deviation (SD). Contact angle, adhesion and differentiated cell 

quantification were analyzed using one-way ANOVA, with a Tukey’s (multiple comparisons test) by Prims software. 

ANOVA test by IBM SPSS Statistics 19 software was used for bacterial initial adhesion evaluation. p < 0.05 was 

considered significant and indicated with an asterisk on each figure. SPSS Statistics 19 software and t-student test for 

independent samples was used for quantification of biofilm formation. All experiments were performed at least per 

triplicate. 

3. Results and discussion 

3.1 Substrate and coatings characterization. 

Some properties of substrates and coatings such as microhardness, roughness and thickness are described in Table 

3. AISI 316L stainless steel surface microhardness ostensibly rose from 2.50 GPa to 6.35 Gpa after plasma nitriding, 

due to solid solution hardening generated by the interstitial occupation of nitrogen in the cubic lattice of Fe-matrix and 

to the formation of hard Fe- and Cr- nitride, among other. Although the ceramic matrix TaN presented a hardness of   

25 GPa, a mixed hardness of the multilayer coating ranged between 7.6 and 8.2 GPa, which is very appropriate as it 

leads to a smooth change of hardness from the substrate to the top layer, contributing to improved adhesion of the 

compound to the substrate. Microhardness decreased when the TaN coating was doped with Ag, possibly due  to low 

hardness of silver and  matrix deformation after Ag incorporation, which enabled breakage of the columns and the 

rearrangement of the compound, and thus a decrease in microhardness (54–56). In spite of the decrease in hardness 

with respect to the TaN matrix, all coatings with Ag inclusions had higher microhardness than AISI 316L stainless 

Steel. 

The surface roughness of the steel sample increased after nitriding and be coated with TaN. This is due to the 

accommodation process of nitrogen and tantalum atoms in the steel surface, typical of magnetron sputtering technique. 

The roughness value increased with the bias voltage on the coating (57). This leads to more bombardments of ions with 

excessive modification to high mobilization in the substrate surface during the rise of this property (58).  

 

Table 3. Properties of substrate and coatings, chemical composition, microhardness and thickness. 

 

        Chemical Composition at% 

        
After thermal treatment 

Sample 
Microhardness 

(GPa±SD) 

Roughness 

(nm±SD) 

Multilayer coating 

thickness (µm±SD) 
Ta N Ag 

TaNx(Ag)y 

AISI 316L 2.50±0.32 27±6 - - - - 

Nitrided AISI 316L  6.35±0.12 29±3     

TaN (49) 25.9±0.12 38±6 2.50±0.20 53.7 46.3 - 

30V-DL 7.62±0.80 47±5 1.31±0.20 36.2 45.6 18.3 

60V-DL 7.85±0.62 73±4 1.39±0.20 33.0 49.6 17.4 

90V-DL 8.05±1.10 93±5 1.38±0.20 33.7 49.8 16.5 

120V-DL 8.19±0.72 125±7 1.38±0.20 33.9 49.8 16.5 
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The higher the bias voltage the greater the density of the coating, due to the intense ion bombardment of the 

surface. The amount of silver decreased when the bias voltage rose, because in dense films there are fewer spaces that 

permit silver diffusion after thermal treatment. On the other hand, the silver content decreased due to the re-sputtering 

phenomenon of silver (59).  

Figure 2a shows the TaN coating surface with quasi-spherical grains with globular domes (60). Ag nano- 

clusters can be observed in the surface of the TaNx(Ag)y coating without diffusion layer and after the heat treatment as 

shown in Figure 2b. Samples provided with a TaN diffusion top layer and heat treated (Figure 2c shows 30V-DL 

surface) exhibited a decreased number of Ag nano-clusters, as explained above, and a change in the surface topography 

is apparent.  

XRD patterns for TaNx(Ag)y multilayer coatings are shown in Figure 2d. This spectrogram presents the peaks 

of the crystalline phases of face centered cubic (fcc) TaN grown in (111), (200) and (220) directions, as well as 

independent peaks of silver with preferential growth in directions (111) and (200). However, their intensity is very low, 

due probably to the low silver content on the top diffusion layer and to the nano size of silver particle. This result 

indicates the insolubility of this element in the TaN matrix without intermetallic compounds formation. This behavior  

is presented in the structural zone model (SMZ) by Bhatnagar and Adamik (61,62). 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM superficial micrographs (a) TaN coating, (b) TaNx(Ag)y coating without TaN diffusion layer after 

heat treatment and (c) 30V-DL coating with TaN diffusion layer after heat treatment. (d) XRD patterns for 

TaNx(Ag)y multilayer coatings with different bias voltage applied to diffusion top layer. 

The average size of the silver nanoparticles (Ag-NPs) of the deposited coatings was determined by Atomic 

Force Microscopy (AFM) equipped with a device MFP-3D-Oxford Instruments Asylum Research in resistive mode, as 

shown in Figure 3. In Figure 3a, it was observed that the Ag-NPs size larger than 100nm, increased with increasing bias 

voltage applied to the substrate and after heat treatment of the coated samples, which presented minimum values of 

62.77 ± 17.31nm and maximum of 182.48 ±88.52nm for the sample 30V- DL. The frequency of Ag-NPs with sizes 

between 20 and 100 nm are very similar for all coatings. Likewise, the grain size of the TaN- matrix was measured, 
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which decreased with increasing bias voltage. 120V- DL coating presents the mayor value in number of nanoparticles 

with size greater than 100nm in contrast with 30V-DL coating, showed on the tope line micrographs in Figure 3b.  

TaN diffusion layer grain size, decreased when the bias voltage rises as shown on the bottom line of 

micrographs in Figure 3b. This result suggests that the greater proximity between the grain boundaries of the structure 

with smaller grain size (for sample 120V-DL) obstructs the process of diffusion of silver and thus decreases the rate of 

ion release to the environment SBF (as discussed below), but it favors the coalescence of the Ag nanoparticles found 

on the surface, increasing their size and decreasing their frequency; the silver coalescence phenomenon in TaN(Ag) 

coatings after thermal treatment was evidenced in previous work, and the same way the properties before annealing 

(48). 
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Figure 3. a) Ag-NPs size, (data expressed as a mean ± standard deviation), b) Ag-NPs detection by conductive mode 

AFM - Pt tip (on the top line), and grain size (on the bottom line), as a function of the bias voltage applied during the 

deposition of the TaN diffusion layer. 

The Ta adhesion layer between the substrate and the 30V-DL coating can be seen in the FIB micrograph 

(Figure 4a). This monolayer has a thickness of 64.86 ± 3.41nm. In EDX analysis of the 30V-DL coating cross section 

a) 

b) 

30V-DL 60V-DL 90V-DL 120V-DL 
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indicated in Figure 4b, it is shown that Ag diffuses towards the surface, staying between TaN matrix grains boundaries 

and in the direction of free gaps in the Ta adhesion layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) FIB-FESEM cross sectional image and (b) EDX analysis of the 30V-DL coating. (c) Ag release assay in 

SBF medium detected by MIP for the different TaNx(Ag)y multilayer coatings, at times of 20 and 30 days expressed 

as a mean ± standard deviation. 

Ag concentration values in SBF after release assays for the different TaNx(Ag)y multilayer are shown in Figure 

4c. It can be clearly seen that Ag content decreases in the SBF solution as the applied bias voltage in the samples 

increases. It is interesting to note that the amount of Ag released into the medium was higher after 20 days than after 

30 days. These results seem to be correlated with the fact that the diffusion layer is more dense when the bias voltage 

increases, allowing the high attraction and accommodation of ions on the substrate surface during coating formation, 

according to some authors and previous works to this (58,59,48). The release of Ag into the surrounding medium is 

directly related to the size and density of nanoparticles on the substrate surface indicating that smaller nanoparticles 

have a larger surface area of contact with the medium that makes them highly reactive as the case of the coating 
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deposited at a bias of -30V (-30V-DL sample) that showed increased release of this metal; otherwise it occurs with -

120V-DL coating whose nanoparticles showed greater size and lower reactivity disfavoring the release of Ag. 

Surface energy and contact angle of the substrate with the different coatings are summarized in Table 4 and 

showed in Figure 5. According to Żenkiewicz and other authors, when the surface energy has a positive value and the 

contact angle is lower than 90°, the surface has an hydrophilic character (50,52,53).  

 

 

Table 4. ΘW, ΘG, ΘF contact angles to water, formamide and glycerol, and surface energy components: polar (γsp), 

dispersive (γsd) and total surface energy (γs) of the AISI 316L and coatings. 

Sample 

 

Contact angle ±SD (deg) 
Surface energy components 

(mJm-2) 

ΘW ΘG ΘF γs
p γs

d γs 

AISI 316L 92.6±3.6 86.5±5.2 81.6±1.8 5.6 15.4 21.0 

30V-DL 64.8±7.6 66.3±5.9 68.4±7.0 0.0 73.2 73.2 

60V-DL 59.6±4.2 62.2±6.7 45.3±2.3 52.7 0.4 53.1 

90V-DL 55.7±2.2 75.4±6.2 62.3±1.4 0.0 73.2 35.2 

120V-DL 51.9±1.4 72.1±4.3 64.7±3.6 6.4 28.8 30.1 

The surfaces of the coatings have hydrophilic behavior, but the AISI 316L stainless steel presented a water contact 

angle of 92.6 ± 3.6 in the hydrophilic-hydrophobic limit (Figure 5a). However, its surface energy is lower and positive, 

thus its surface has a tendency to be wet (Figure 5b). These results can be explained by the fact that TaNx(Ag)y 

multilayer coating roughness increased with the bias voltage rise in the diffusion layer development (Table 3). This 

suggests a less homogeneous granular structure formation, hence a smaller active surface area and as a result smaller 

surface energy. These results are in line with previous works (58,63). 

 

 

 

 

 

 

Figure 5. (a) Water contact angle and (b) total surface energy of AISI 316L of the different TaNx(Ag)y multilayer 

coatings expressed as a mean ± standard deviation. Significant values as ****p < 0.0001. 

3.2 Biocompatibility response on TaNx(Ag)y multilayer coatings 

3.2.1 Cell adhesion 

Cells were cultured for 3 h to evaluate the initial adhesion of pre-osteoblast grown onto different coatings and 

the AISI 316L stainless steel control surface (Figure 6). The development of actin cytoskeleton and vinculin detection 
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as a marker of focal adhesion protein was investigated as a function of the different coatings utilized. The state of F-

actin cytoskeleton was well developed in cells cultured on the AISI 316L control, 30V-DL and 60V-DL coatings, 

showing spread morphology of cells and stress fibers of actin. In contrast, the 90V-DL and 120V-DL coatings presented 

minimal levels of cytoskeleton formation although staining corresponding to initial stages of F-actin polymerization is 

clearly visible (Figure 6a) on cells presenting a rounded morphology (Figures 6a and b). Focal adhesion formation, 

necessary for cell adhesion, occurs and subsequent integrin clustering takes place after the formation of stable links 

between the extracellular matrix proteins and the actin cytoskeleton (64).  

Well defined focal adhesions were formed on the control AISI 316L and 30V-DL, 60V-DL coatings, 

consequent to the development of actin cytoskeleton. In contrast, vinculin is not organized into focal adhesions on the 

90V-DL and 120V-DL coatings, but randomly distributed throughout the cell (Figure 6a). The results showed that cell 

morphology strongly depends on the different configurations of diffusion layers obtained for different coatings. Dense 

configuration of diffusion layer was obtained for 90V-DL and 120V-DL coatings on which silver released to the 

medium is lower compared to 30V-DL and 60V-DL coatings (Figure 2) suggesting that the amount of Ag for 90V-DL 

and 120V-DL coatings remains anchored to the surface increasing the roughness of coatings as well as being in direct 

contact with cells. Thus, cell morphology strongly depends on the presence and amount of Ag particles on the coatings 

and cells tend to be rounded and lacking defined focal contacts. 

Cell spreading area and circularity parameters were calculated by image analysis, and the results are shown in 

Figure 6c and d. The results indicated a remarkably linear relationship among different bias voltages applied to the 

diffusion layer for different coatings compared to the steel substrate control; spreading area decreases and cell circularity 

increases respectively on substrates 90V-DL and 120V-DL (Figures 6c and d). These results are consistent with those 

obtained regarding cytoskeleton formation and vinculin detection (Figure 6a) and in line with other works previously 

reported (65). 

Quantification of focal adhesions showed higher protein levels on cells grown onto AISI 316L stainless steel 

control and 30V-DL substrates compared with 60V-DL, 90V-DL and 120V-DL substrates that presented minimum 

levels (Figure 6e). Indeed, AISI 316L and 30V-DL substrates presented higher focal adhesion frequency (Figure 6f) of 

mature focal adhesions (> 6 µm2) and the frequency increased even more in terms of nascent focal adhesions (< 2 µm2) 

for 30V-DL substrate, suggesting optimal adhesion efficiency. 

The results are in line with those obtained in previous works indicating that topography strongly affects the 

cell adhesion process (66,67). On 60V-DL, 90V-DL and 120V-DL coatings, greater Ag nanoparticles are on the surface 

of the coating, thus conferring both an increased roughness (Table 3) and more Ag in contact with cells a fact that seems 

to reduce initial cell adhesion in terms of cytoskeleton and focal adhesion contacts development as well as producing 

severe morphological changes as previously reported (65,68–71).   
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Figure 6.  (a) Adhesion of MC3T3-E1 cells on the different coatings and AISI 316L stainless steel control after 3 

hours of culture. The first column shows F-actin cytoskeleton (green) and the second one vinculin (red). Nuclei were 

counter stained with DAPI (scale bar 25 µm). (b) Representation of the sequential process and binary mask creation 

followed for calculations of spreading area and circularity parameters (scale bar is 25 µm). (c) Analysis of spreading 

area and (d) cell circularity. (e) Quantification of focal adhesion area on cells cultured on different substrates. (f) 

Frequency of focal adhesion size. Data is represented as mean ± standard deviation. Significant values as ****p < 

0.0001, ***p < 0.001, **p < 0.01. 

3.2.2 Cell differentiation 

In order to investigate possible long-term effects of the Ag content of the different coatings and the potential 

ability of the cells to stimulate subsequent growth of bone tissue, we evaluated cell differentiation by means of detection 

of expression of different genes as markers of osteogenesis. These were Osteopontin (OPN) and Integrin Binding 

Sialoprotein (IBSP). OPN is an osteoblast specific gene that promotes osteoblast phenotype and its expression produces 

a secreted adhesive protein that plays a key role in cell adhesion, migration and survival (72). IBSP is a glycosylated 

protein present within bone matrix. The protein is characterized by its ability to bind to hydroxyapatite, indicating its 

potential role in the early mineralization of osteoblasts. In addition, IBSP can promote pre-osteoblast differentiation 

into mature osteoblasts, stimulating bone mineralization (72). 

MC3T3-E1 cells were induced to differentiate using osteogenic differentiation medium. After 15 days of 

culture, protein detection was performed by immunofluorescence with specific antibodies against OPN and IBSP. 

Intensity of staining is shown in Figure 7. Both control steel and 30V-DL substrates presented higher levels of OPN 

and IBSP staining when compared with the 60V-DL, 90V-DL and 120V-DL coatings (Figures 7a and c). Again, this 

c) d) 

e) f) 
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indicates a strong dependence of cell function on the presence of surface Ag nanoparticles, increasing detection of 

differentiation markers as the roughness of the coatings diminishes. Furthermore, long term viability of the samples 

seems to be affected, resulting in a decrease in the total number of cells present in the samples and compared to control 

steel (Figure 7b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. (a) Fluorescence microscopy images showing expression of Osteopontin (OPN, green), Integrin Binding 

Sialoprotein (IBSP, green) and nucleus (red). Scale bar 100 μm. (b) Quantification of number of cells grown onto 

different substrates. (c) Image analysis quantification of OPN and IBSP staining. Data was represented as mean ± 

standard deviation. Significant values are represented as ****p < 0.0001. 

 Quantification of staining levels after long term culture for both differentiation markers (OPN and IBSP) was 

high enough even though the final number of cells present on the 30V-DL coating was lower than the steel control 

surface. This suggests that 30V-DL coating is capable of inducing proper cell differentiation behavior in the long term.  

These results are in line with those obtained in cell adhesion experiments (Figure 6). The fact that 60V-DL, 90V-DL 

and 120V-DL coatings presented a minimal cell number after 15 days of culture could be explained if it is considered 

that cell growth on these samples shows a delay in initial cell adhesion and spreading, and consequently this 

phenomenon is affecting cell differentiation as well. Furthermore, the topography generated by the presence of Ag 

nanoparticles on the surface of the coatings results in a significant decrease in osteoblast differentiation markers, as has 

been previously reported (73). 
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Overall, our results indicate that the 30V-DL coating could maintain optimum levels of osteoblast cell adhesion at 

the beginning of the surgical intervention, achieving cell differentiation in the long term. This would benefit 

osseointegration processes during the recovery times of implant patients. 

 

3.3 Bacteria-response on AISI 316L stainless steel and TaNx(Ag)y multilayer coatings 

3.3.1 Quantification of adhered bacteria  

In all surfaces, a growing trend was observed in the adhesion of microorganisms as the adhesion time 

increased, as shown in Figure 8. No significant differences were found between the different coatings and the AISI 

316L stainless steel, with the exception a little diminution in of the 30V-DL surface. At contact times longer than 30 

minutes there is a statistically significant diminution in the bacteria number only on the 30V-DL coating, probably 

produced because this coating is the surface that delivers the greatest amount of Ag into the surrounding medium. This 

seems to reduce the microorganism adhesion produced in the solid-liquid interface between coating and suspension, 

decreasing the number of adherent bacteria on its surface. Nevertheless, in several works including that discussed by 

Abraham Rodríguez-Cano et. al, it is described that bactericidal effect did not appear until 200 minutes of assay for 

staphylococcus strain (71) indicating that the 30V-DL surface could show an advantage in the potential bactericidal 

effect in times over 90 minutes (74–76). 

 

 

 

 

 

Figure 8. Total number of adhered Streptococcus sanguinis ATCC10556 bacteria on AISI 316L stainless steel 

surface and TaNx(Ag)y multilayer coatings as a function of contact time. 

According to the results reported by Wan et. al, microorganism adhesion is a  high complex process, related 

to properties that influence physicochemical interactions like wettability, roughness and surface chemistry (77). Some 

reports showed that Streptococcus sanguinis tend to adhere more easily to surfaces with low surface energies, which 

agrees with the results obtained for water contact angle in this study  (78–81). However, whether adhesion of bacteria 

to the surface is favored or not depends not only on the physicochemical properties of the surface material but also on 

the nature of the bacterial strain (82).  

3.3.2 Evaluation of biofilm formation on AISI 316L stainless steel and TaNx(Ag)y multilayer coatings 

After 24 hours of culture, a considerable reduction of the viability of the biofilm in the 30V-DL coating was 

observed in comparison with the AISI 316L stainless steel and the other coatings, as showed in Figure 9. Surface 

roughness seems to be a determining factor in the adhesion of bacteria (83), which explains the linear relationship with 

bias voltage in the diffusion layer applied to coatings. This could be directly related to the fact that biofilm formation 

is favored on rough surfaces, as a consequence of the increase in the surface area, the presence of more sites 

(depressions) for colonization and an ideal medium to protect the biofilm from the mechanisms of environmental self-

cleaning (84,85).  
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Figure 9. Bacterial biofilm viability of Streptococcus sanguinis ATCC 10556 after 24 hours of culture on AISI 316L 

stainless steel surface and TaNx(Ag)y multilayer coatings. Significant values are represented as ****p < 0.0001 

Based on the results, we hypothesized that during the high release of Ag from 30V-DL coating to the 

surrounding medium due to high reactivity (high surface area) of Ag nanoparticles with smaller sizes, strongly affected 

reduction of biofilm formation, as previously described due to the strong oxidative activity of the Ag ions, when they 

are in direct contact with the bacterial wall (32,86). Recently, many investigations have tried to elucidate the 

mechanisms by which silver nanoparticles inactivate processes necessary for bacteria viability. Some authors argue that 

Ag nanoparticles directly denature bacterial DNA thus compromising bacterial ability to replicate (87). Others argue 

that once the nanoparticles come into contact with the bacteria wall, they induce the formation of irreversible complexes 

such as sulfhydryl orhistidyl, inactivating the life processes of bacteria such as deshydro-oxygenation (88,89). 

In our case, the measurement of released Ag from the coatings indicated that in all cases the Ag concentrations 

were lower than 0.25 µg/mL. Although Ag cytotoxicity levels are still the subject of study, previous investigations 

report values of 30 µg/mL as a minimum cytotoxic concentration in human fibroblast at 24 hours (90) or 31.75 µg/mL 

(91) and concentrations higher than 44µg/mL induce cell apoptosis (92). Ag release measurements results showed a 

strong dependence on bias voltage; as this increases, the amount of silver in the medium decreases explained by the 

degree of compaction and densification acquired by the film as this variable increases. 

The greatest concentration value of Ag released is detected at 20 days in all the coatings tested and the 

maximum value of release is presented in the 30V-DL coating with 0.23 µg/mL, value even lower than those reported 

as cytotoxic. Ag liberation from 30V-DL coating during the first 8 days is minimal, representing an advantage for dental 

applications because in the period of healing of increased susceptibility, the patient will not be affected by the Ag 

release from metal. Indeed, concentrations of Ag released from 30V-DL coating are high enough to minimize biofilm 

formation, without being cytotoxic according to results obtained for MC3T3-E1 cells. 

Finally, proposed design for development of TaNx(Ag)y multilayer coatings resulted in increased biocompatible 

properties and a decreased bacterial adhesion caused by bacterial damage generated by Ag presence, conferring to this 

system capability for dental implant applications. The Ag nanoparticles embedded in the matrix, and their release into 

the biological medium, could ensure a long-term antibacterial or bacteriostatic effect due to the conformation of the 

diffusion layer (93) that constitutes a  reserve for this purpose without affecting cell regeneration during the recovery 

times of patients.  In general terms for the different properties evaluated in the present work, a strong influence due to 

the increase in bias voltage during the manufacture of the diffusion layer causing an increment in roughness, decreased 

of release of Ag to the surrounding medium and a change in the wettability of steel. The combinations of the different 

effects produced by bias voltage upon the biological response of materials affected positively cell viability negatively 

affected biofilm formation. 30V-DL coating could be the most promising candidate for biomedical applications, 

showing the best balance between biocompatibility and antibacterial effect.   
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4. Conclusions 

The main aim of this work was to improve the bio-response of AISI 316l stainless steel through the deposition of 

TaNx(Ag)y nanocomposite duplex coatings, developed through the combination of pulsed plasma nitriding and 

unbalanced magnetron sputtering techniques. A fundamental role in the multi-layer coating system played the diffusion 

top layer, whose thickness, surface topography and density can be controlled by the bias voltage supplied to it, and 

markedly influences on the biological properties of the entire coating system. 

MC3T3 osteoblastic cells were cultured on the coated substrates to evaluate biocompatibility, and the 

Streptococcus sanguinis ATCC 10,556 strain was used to assess antimicrobial effect. The results obtained after 

microstructural and biological evaluation of the coated steel samples showed a correlation between the variations in 

bias voltage applied to the diffusion top layer the different coatings with Ag release kinetics, as well as roughness and 

surface wettability. The smaller grain size of the TaN diffusion layer with increasing bias voltage established that the 

closeness of the grain boundaries in this structure promotes coalescence of Ag nanoparticles which diffused and 

emerged to the sample surface after heat treatment increasing their, and thus generating a greater area of contact with 

osteoblast cells decreasing their bio-response. The small size and higher density per unit area of Ag nanoparticles in the 

coating 30V-DL allowed a significant reduction of biofilm formation and bacterial adhesion. 

In terms of osteogenic induction, lower bias voltages applied during the deposition of the diffusion layer of the 

TaNx(Ag)y coatings allowed a greater release of Ag to the medium and lower surface roughness and wettability. This 

improved the process of adhesion and differentiation of the osteoblastic cells on the surface of the top diffusion layer 

deposited with 30V-DL. On the other hand, the Streptococcus sanguinis ATCC 10,556 strain showed low adhesion and 

biofilm formation in comparison with the uncoated steel for the same surface and under the same test conditions. The 

30V-DL coating showed the most promising behavior, as it exhibited an appropriated balance between biocompatibility 

and bacterial adhesion, making it the most suitable material for use in biomedical applications. 
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