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Lightweight and functional metallic materials are consistently favored and attract significant attention

in the biomedical field. This study investigates the influence of ZrN and DLC coatings on Ti6Al4V scaffolds
with varying porosities (40%, 50%, 60%) for biomedical applications. PVD-deposited coatings exhibited
distinct growth mechanisms: High-resolution SEM-FIB analyses revealed columnar ZrN structures due to
limited adatom mobility, while DLC formed conformal, amorphous layers via high-energy carbon species.
Corrosion resistance decreased in 40% porous DLC and 60% porous ZrN-coated samples, likely due to
coating defects and increased electrolyte access through open pores. ZrN coatings showed superior
antibacterial activity and attributed to surface reactivity and potential ion release. In contrast, the
uncoated 60% porous scaffolds demonstrated highest cell viability, suggesting that excessive coating on
highly porous structures may hinder cell-material interactions. Furthermore, the cytotoxicity evaluations
indicated that uncoated scaffolds exhibited the highest cell viability (77.51%) at 60% porosity after 48
hours, with ZrN coatings demonstrating better efficacy compared to DLC in the 50% and 60% porosity
groups.

stress shielding effect, as well as the density and elastic modulus
The development of high-performance, lightweight, and durable of bulk titanium, research has redirected its attention toward

orthopedic and dental implants remains a critical research focus ~ POTOUS titanium alloy implants. However, the porous architec-

in the biomedical engineering field. In this context, surface mod- ture of Ti-based scaffolds, while beneficial for bone ingrowth

ification is employed to enhance the properties of metal-based and tissue integration, can sometimes present challenges in

. . . . . . . . terms of surface wear, corrosion, and bioactivity, which are
implants, including corrosion resistance, adhesion, antibacterial > > Y

activity, biocompatibility with the body, and biological organ- critical for long-term implant success [9-12]. The application

isms [1, 2]. Titanium and its alloys are among the most com- of surface modification techniques has emerged as a central

monly used metallic biomaterials in implant applications due focus in tackling these issues. Surface coatings are applied to

to their favorable biocompatibility, ease of forming, excellent the implant surface to enhance the implant-tissue interaction

corrosion resistance, and low modulus of elasticity(compared and improve bioactivity and tribological properties [13, 14].
to 316L SS and Co-Cr alloys) [3, 4]. Among titanium alloys,

commercially pure titanium (CP-Ti) and Ti6 Al4V are the most

Researchers employ a variety of advanced surface modification
techniques, including ion/electron beam method [15], chemi-
preferred for use in orthopedic implants [5-8]. However, the cal vapor deposition(CVD) [16], and physical vapor deposition

elastic modulus and density of bulk titanium alloys are signifi- (PVD) [17], alongside simpler approaches like electrophoretic

cantly higher than those of human bone [9, 10]. Owing to the deposition (EPD) [18], sol-gel processes [19], and hydrothermal
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treatments [20], to enhance the surface characteristics of metal-
based implants for implantation applications. Among the vari-
ous coating methods, PVD stands out due to its ability to deposit
uniform, adherent coatings at relatively low temperatures. This
can make it particularly suitable for complex geometries such as
porous surfaces, without compromising the underlying micro-
structure of the implant [21-24]. PVD also enables the deposi-
tion of a wide range of functional materials, including transition
metal nitrides and carbon-based compounds, which are exten-
sively used to enhance both corrosion resistance and biologi-
cal performance of implants [25, 26]. Researchers are utilizing
transition metal nitrides and carbon-based compound, such
as TiN, CrN, ZrN, and DLC which exhibit favorable tribologi-
cal and oxidation resistance properties, as protective coatings
to enhance the biocompatibility of implant surfaces in dental
and orthopedic applications [27, 28]. ZrN ceramics, which are
renowned for their robust biocompatibility, impressive mechani-
cal, and tribological attributes, are employed by researchers as
protective coating materials [29, 30]. However, ZrN-based coat-
ings are utilized in tribological applications to enhance pivotal
parameters such as wear resistance, adhesion, and microhard-
ness [23, 30-32]. Diamond-like carbon (DLC) coatings are used
as protective coatings in biomedical implant applications due
to their superior properties. DLC coatings offer biocompatibil-
ity, high hardness, chemical inertness, low coefficient of fric-
tion, and optimum electrical resistance [33, 34]. Studies show
that DLC-coated titanium alloys exhibit improved tribological
performance, which is critical to the longevity of mechanically
stressed implants [35-37]. The addition of diamond-like carbon
(DLC) coatings has been associated with improved biological
responses, such as enhanced cell adhesion and proliferation on
the surface of implants [38, 39].

Extensive studies have examined the mechanical and
biological performance of porous titanium alloys, emphasizing
their advantages in mimicking bone stiffness and supporting
osseointegration [40-42]. The introduction of porosity not only
enhances mechanical compatibility but also creates a favorable
environment for vascularization and bone tissue ingrowth [43,
44]. However, surface modification remains a critical factor for
improving long-term implant performance, particularly in terms
of adhesion, wear, and corrosion resistance in physiological
conditions. The zirconium nitride (ZrN) and diamond-like
carbon (DLC) coatings have demonstrated excellent tribological,
electrochemical, and biological properties when applied to bulk
titanium substrates. Despite some advancements in ZrN and
DLC coatings, a significant gap exists in the current literature
regarding their application to porous/scaffold titanium alloys.
Porosity significantly alters surface topography and energy,
potentially influencing coating adhesion and biological
interactions. Additionally, the behavior of these coatings under

mechanical stress and in corrosive biological environments
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remains poorly characterized in porous systems. As such,
further investigations are essential to elucidate the role of ZrN
and DLC coatings in enhancing the performance of porous
titanium implants, with particular attention to their long-term
stability and biological integration.

This study involved the application of ZrN and DLC coatings
to the surfaces of Ti64 scaffolds with porosity rates of 40%, 50%,
and 60%, using the physical vapor deposition (PVD) technique.
This study aimed to investigate how ZrN and DLC coatings
influence the morphological characteristics, surface hardness,
electrochemical corrosion resistance, antibacterial properties,

and cell viability of Ti64 scaffolds with different pore ratios.

Morpho-structural analysis

The surface morphology of Ti64 scaffold samples exhibiting
40%, 50%, and 60% porosity, which have been coated with
zirconium nitride (ZrN) and diamond-like carbon (DLC), is
presented in the SEM images shown in Fig. 1. The Ti64 scaf-
fold samples exhibit a porous structure, which is beneficial for
implant surfaces. The material’s porosity improves integration
with bone tissue, hence enhancing adhesion strength and coat-
ing efficiency. The SEM images of the DLC-coated Ti64 scaf-
fold samples reveal that the surface coatings exhibit a similar
morphology, characterized by the presence of locally aggregated
spherical nanoparticles of ZrN.

In a similar manner, SEM images of DLC-coated Ti64
scaffold samples with 40%, 50%, and 60% porosity exhibit
comparable morphological characteristics, notably a reduced
uniformity of nanoparticles on the rough surfaces. This
suggests a relatively uniform trend across the various coating
types and porosity levels. As supported by Ul-Hamid et al. [45],
the formation of agglomerated nanostructures on ZrN-coated
surfaces is often attributed to an increased nucleation rate and
high supersaturation during the PVD deposition process, which
can promote the emergence of fine nuclei that are subject to
atomic shadowing effects and limited surface diffusion, leading
to nanoparticle uniformity. In the context of the present study,
these morphological features were also observed, particularly on
rougher surfaces, indicating that surface roughness significantly
affects the surface energy and growth dynamics of the coating
film. Furthermore, the influence of surface topography on
localized grain growth is well documented in recent studies by
Ali et al. and Aslan et al., which demonstrated that increased
roughness can alter local deposition kinetics and surface energy,
thereby contributing to heterogeneous grain development and
coating morphology [28, 46]. Although direct surface roughness
measurements were not performed in this study due to the

inherent complexity of the porous structure, the observed
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Figure 1: SEM images of the ZrN- and DLC-coated Ti64 scaffold samples for different porosities.
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uniformity behavior and morphological variations are in good
agreement with these mechanisms described in the literature.

As shown in Fig. 2, cross-sectional FIB-SEM images also
revealed that both ZrN and DLC coatings adhered successfully
to the porous Ti6Al4V scaffolds, forming continuous and coher-
ent layers despite the surface complexity. The ZrN coatings, with
a thickness of approximately 1.43-1.67 pum, exhibited a distinct
columnar structure, which is commonly attributed to shadowing
effects and limited surface diffusion typical of ceramic coatings
produced by PVD techniques[47]. In contrast, the DLC coatings
demonstrated a smoother, more homogeneous, and conformal
morphology with a thickness of approximately 2.05-2.43 pm.
This difference is attributed to the isotropic growth tendency of
DLC, driven by the rapid surface saturation from energetic car-
bon species[48, 49]. These distinct coating morphologies play a
crucial role in determining mechanical performance, biological
response, and long-term stability. Therefore, understanding the
underlying coating growth mechanisms is essential for informed
material design in biomedical applications.

The energy dispersive spectroscopy (EDS) analysis, as shown
in Fig. 3(a), reveals the elemental composition of ZrN-coated
40%, 50%, and 60% porous Ti64 scaffold structures, indicating
the presence of 77.40%, 15%, and 3.61% of the respective ele-
ments. The percentages for the 40% porous Ti64 are 4%, 72.7%,
19.5%, 3.3%, and 4.5%, whereas for the 50% porous Ti64, they
are 72.7%, 19.5%, 3.3%, and 4.5%, respectively. The results show
that the 60% porous Ti64 sample contains zirconium (Zr), nitro-
gen (N), oxygen (O), and trace amounts of titanium (Ti) at per-
centages of 73.30%, 20.7%, 3.7%, 3.7%, and 3.3%, respectively.

The presence of Zr and N in the coating indicates successful
coating on the external surfaces. However, the presence of Ti,
particularly in samples with higher porosity, suggests limited
coating penetration into the deeper pore regions. Notwith-
standing the presence of trace amounts of Ti and the inherent
challenges associated with high porosity, the overall elemental
distribution indicates that the coating process was largely suc-
cessful in forming a uniform ZrN layer on the accessible surfaces
of the scaffold structures.

In contrast, the EDS spectra of the DLC-coated 40%, 50%,
and 60% porous Ti64 scaffold structures, as illustrated in
Fig. 3(b), indicate the presence of 45.25%, 48.93%, and 4.1%,
respectively. The results for the 40% porous Ti64 sample are
3% and 1.7%, while the 50% porous Ti64 sample shows the
following values: 46.73%, 47.06%, 47.06%, and 1.7%. The
percentages are 73%, 47.06%, 4.58%, and 1.62% for the 50%,
and 43.94%, 49.94%, 4.64%, and 1.48% for the 60% porous Ti64
sample. This indicates the presence of carbon (C), titanium (Ti),
vanadium (V), and aluminum (Al) in weight percentages, with
the respective values being 4, and 43.94%, 49.94%, 4.64%, 1.48%,
respectively, for 60% porous Ti64. Notably, the well-documented
high internal stresses and poor adhesion behavior of DLC
coatings often lead to inhomogeneous layer formation, not only
on the internal pore surfaces but also on the external surfaces.
These internal stresses can induce microcracks or delamination,
making it challenging to achieve a uniform coating throughout
the scaffold structure. As reported in the literature, the balance
between hardness and intrinsic stress in DLC films critically

influences coating quality, especially on complex and porous

Figure2: Cross-sectional FIB/SEM images of Ti6Al4V scaffolds coated with (a) ZrN and (b) DLC.
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Figure3: EDS mapping and spectra analysis of (a) ZrN-coated, (b) DLC-coated Ti64 scaffold samples for different porosities, before corrosion.
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[50, 51]. Therefore, the observed presence of Ti is not solely
attributed to the limitations of the PVD process or the porosity
of the substrate but is also significantly affected by the inherent
adhesion issues and stress-induced defects associated with DLC
coatings.

The diffraction patterns displayed in Fig. 4(a) illustrate
the characteristics of ZrN-coated Ti64 scaffold structures with
porosities of 40%, 50%, and 60%. The diffraction peaks observed
at (100), (002), (101), (102), (110), (103), (112) and (201) in
the diffraction patterns correspond to the a-Ti phase, which
originates from the Ti64 alloy. This is in accordance with the
dataset indicated in JCPDS card No. 44-1294. The figure dem-
onstrates the presence of an oriented TiN phase in (111), aris-
ing from the interaction between the nitride coating and the
porous Ti64 substrate throughout the ZrN deposition process.
Additionally, this figure displays the ZrN peaks that display a
face-cantered cubic (FCC) crystal structure, characterized by a
lattice parameter of a=4.5773 A at indices (111), (200), (220),
(311), and (222), as specified by JCPDS card no. 89-3839. It
can be observed that the diffraction patterns obtained in ZrN
coatings of porous Ti64 structures with varying porosities are
identical. Figure 4(b) displays the X-ray diffraction patterns of
DLC-coated Ti64 scaffold samples with 40%, 50%, and 60%
porosity, revealing the presence of both the a-Ti phase from the
Ti64 foam substrate and the TiC peaks. The TiC peak, which
arises from the interaction between the carbon coating and the
porous Ti64 substrates, exhibits an FCC structure with a lat-
tice parameter of a=4.3166 A, as indicated by JCPDS card no.
32-1383. The diffraction patterns display a large peak between
20=43 and 44, signifying amorphous peaks from diamond
D(111) and graphitic C(103) diffraction patterns, supported by
prior literature [46, 52, 53].

Microhardness

Figure 5 shows the microhardness values for uncoated, ZrN-
coated, and DLC-coated Ti6Al4V scaffolds with 40%, 50%, and
60% porosity. The ZrN coatings resulted in increases in hard-
ness of approximately 94%, 159%, and 147%, while the DLC
coatings led to increases of 88%, 115%, and 94% compared to
the uncoated samples. It is noteworthy that even the uncoated,
porous scaffolds exhibited relatively high microhardness values,
which increased with porosity. This unexpected trend has also
been reported in a few studies. Li et al. observed that during
powder metallurgy processing, localized densification and grain
refinement at the pore walls significantly enhance the hardness
of porous titanium, with values reaching up to 800 HV in some
regions [54]. In a similar vein, Jha et al. reported that open-cell
Ti foams produced via space holder methods exhibited increased

microhardness in the pore wall regions due to microstructural
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Figure 5: Microhardness of the uncoated, ZrN-, and DLC-coated Ti64
scaffolds with 40%, 50%, and 60% porosities.
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compactness and particle bonding [55]. Martinez et al. dem-
onstrated that the average microhardness of porous Ti6Al4V
increased slightly from 488 + 16 HV j, in the bulk material to
535+55 HV,), in samples with 42% porosity, thereby supporting
the notion that microstructural factors can enhance local hard-
ness [56]. In a similar vein, elevated hardness values in Ti6Al4V
scaffolds were reported by Olmos et al. attributed to the synergy
of controlled porosity and optimized sintering conditions [57].
These findings align with the observed trend in our study and
highlight that both porosity-induced microstructural effects and
surface coatings contribute to improved hardness performance.
This enhancement is particularly valuable for biomedical appli-
cations requiring high wear resistance and long-term mechani-

cal durability in load-bearing environments.

In vitro corrosion analyses

In corrosion tests, 3.5 wt % NaCl solution was applied as cor-
rosion rendering media This choice is justified from a corro-
sion analysis perspective due to the decreased inputs during
the potentiodynamically driven corrosion rendering technique,
compounded by the complexity of ion interactions in the medi-
ums, which is reported in the following order: NaCl < PBS <RS
<SBF < MEM < FBS or BSA. In a complex ion-containing envi-
ronment, the corrosion experiment is anticipated to yield a chal-
lenging result to overcome [58]. In a complex ion-containing
environment, the corrosion experiment is expected to produce
a challenging result to overcome [46]. Conditions such as iso-
tonic, 1 wt % NaCl, or 3.5 wt % NaCl containing saline solution
are known as NaCl-based corrosion rendering mediums. While
1 wt % NaCl medium is suitable for mild corrosion-resistant
surfaces, such as Cu-based antibacterial surfaces, 3.5 wt.%
NaCl can be employed as a more aggressive, non-complex ion-
containing medium for metal alloys in biomedical applications
[46]. In almost all discussed corrosion-inducing environments,

chloride is the most aggressive ion and is expected to be the first

to interact with the surface. Therefore, it can be inferred that if
a set of samples can withstand chloride attacks during the elec-
trochemically driven corrosion process in a specific order, they
are likely to exhibit similar resistance against corrosion in the
same order in other mentioned biomaterial corrosion-inducing
environments.

Tafel equations are typically used for relatively flat surfaces
with a known surface area, close to a two-dimensional plane. For
a porous surface, as depicted in Fig. 6, the extent of pore wetting
and wetting depth (the electroactive area) will vary based on the
intrinsic properties of the surface, including surface tension and
average pore diameter, resulting in an inhomogeneous current
distribution that leads to corrosion [59].

A substance possessing a surface area of one square cen-
timeter, a volume of one cubic centimeter, and an average pore
size of 100 microns will exhibit a surface area in the hundreds
of square centimeters when assessed using a surface area and
porosity analyzer. However, in the structures as shown in Fig. 1,
during the pre-corrosion, the current can only be measured at
the top surface and perhaps at the region in contact with the
underlying corrosion fluid, just a few hundred microns below
the top surface. Nevertheless, the obtained kinetic data, I__,,
can be properly used for comparing similar porous surfaces.
The applied potentiodynamic cathodic and anodic scans for
both ZrN- and DLC-coated scaffolds are shown in Fig. 7(a-b),
and the Tafel extrapolation results for all tested samples are pre-
sented in Table 1.

In the corrosion test of ZrN-coated samples, the direct
measurement of I indicated that the sample with 60% poros-
ity had the lowest I, value, followed by the 40% and 50%
porous samples, which recorded values of 55.80 pA and 560

corr

A, respectively. Upon evaluating corrosion current values fol-
lowing the corrosion SEM-EDS analysis shown in Fig. 8, several
results may arise.

Despite having the highest porosity, the 60% porous

ZrN-coated scaffold exhibits the lowest corrosion current,

Current density around edgy pores

Current density around flat surface

Figure 6: The porous surface, similar to the samples produced in this study, is drawn in 3D to schematically illustrating the inhomogeneous current

distribution.
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Figure 7: Corrosion behavior of ZrN- (a) and DLC- (b) coated scaffold samples during anodic and cathodic potentiodynamic polarization.

TABLE 1: Corrosion parameters of ZrN- and DLC-coated porous Tié4 sam- 560 uA. The low nitrogen content suggests a weaker ZrN layer,

ples. which is less effective at preventing corrosion. The high chlo-
Sample Eor/MV I /WA B /Ndec”' B/Ndec'  ride content (7.24 wt % Cl) is particularly concerning, this
40% porous ZiN-coated 77 55 80 1015 0.508 suggests that chloride ions from the solution have become
50% porous ZN-coated  — 186 560 1.059 3.413 incorporated into the surface layers or accumulated on the
60% porous ZN-coated ~ —102  2.87 0.124 0.146 surface during the corrosion process. The high chloride con-
40% porous DLC-coated ~ — 111 4.92 0.122 0.360 tent seen in the weakest corrosion-resistant 50% ZrN-coated
50% porous DLC-coated ~ —917  17.60 0.145 0.602 sample indicates that the protective layer (both ZrN and ZrO,)
60% porous DLC-coated ~ —105  24.80 0.171 1015 is less effective at resisting chloride ion penetration. There-
Substrate 179 143 1.595 0.336 fore, chloride ions have likely initiated more severe corrosion,

leading to the highest current. Similarly, the corrosion results
of DLC coatings, given in Table 1, were evaluated via after-
corrosion images of SEM-EDS results [Fig. 8(a-b)]. In the
EDS analysis, the contents of C, O, Cl, and Ti were selected as

and EDS analysis reveals 62.6 wt % Zr, 25.86 wt % O, and 6.7
wt % N. The elevated oxygen levels in the spectra indicate

the development of a considerable ZrO, layer, which probably . .
b " X ; focal points among the eight elements to evaluate the corro-
contributes significantly to surface passivation against corro- . . .
& Y P & sion resistance of the samples. The 60% porous DLC coating

ion. Additi lly, the nit tent (6.7 wt % t =
ston itionally, the nitrogen content (6.7 wt %) suggests had the maximum corrosion current of 24.80 pA, indicating £
the existence of ZrN, albeit in lesser amounts than in the 40% . . . . g
e (10 wt %), ZeN likely ol e ] the lowest corrosion resistance. The detailed EDS analysis of &
wt %). tection; _ . E
Eorous san‘;p e de 1 0)- ZiN likely p ayza ro. em p‘ro‘ec O 60% porous sample exhibits relatively lower carbon content z
5 t t t t - T . .
owever, the oxide fayer appears to predominate in is pro indicating that the DLC layer may be thinner or less uniform, *
tective efficacy in this instance. The 40% porous ZrN-coated . . . "
le has higher corrosion resistance (55.90 wA) than the exposing more of the substrate to the corrosion medium. The 8
i . S
:)I;P ¢ hasfig le but 1 han the 60% " | oxygen content of the 60% porous DLC-coated sample seems z
t t t . -
© POTOUS satmple but fower than Hhe 6170 porons sampie to be moderate and can be combined with the relatively high
EDS analysis showed 69 wt % Zr, 17.4 wt % O, and 10 wt % L . R
titanium content (33.73 wt %), suggesting that more of the P
N. Here, the higher nitrogen content (10 wt %) indicates a . . . . 2
o ) ) ) porous Ti64 substrate is exposed to oxidation and corrosion.
better-formed ZrN layer, contributing to its protective quali- . . °
Even though chlorine content is low, the large exposed surface g
ties. However, such lower oxygen content compared to the . . . . £
area of the substrate likely contributes to the higher corrosion 3
60% porous sample suggests that the ZrO, passive layer may S

current. High titanium content (33.73 wt %) in a 60% porous
not be as developed, explaining the slightly higher corrosion

current. The EDS analysis revealed 64.3 wt % Zr, 20.4 wt % O,
and 5 wt % N, as well as a considerable amount of 7.24 wt %
Cl and, the 50% porous ZrN-coated sample had the lowest

DLC-coated sample supports the previous explanations and
indicates a significant portion of the underlying substrate is
exposed, resulting in poor corrosion resistance. 50% porous

) ) ] ) DLC coating exhibited a moderate corrosion current of 17.60
corrosion resistance of the three, with a corrosion current of
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Figure8: SEM-EDS mapping and spectra analysis of (a) ZrN-coated and (b) DLC-coated Ti64 scaffolds for different porosities, after corrosion.
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HA, positioning it in moderate range of corrosion resist-
ance. The detailed EDS analysis of the 50% porous sample
revealed slightly higher carbon content (42.2 wt %) than the
60% porous sample, but still lower than the 40% porous DLC-
coated sample. This suggests the DLC layer is better than in
the 60% porous sample, but not as good as the 40% porous
sample. The highest oxygen content of 50% porous DLC coat-
ing among the three samples indicates more significant oxida-
tion of the substrate, which correlates with reduced corrosion
resistance compared to the 40% porous DLC-coated sample.
The elevated chlorine content implies that chloride ions have
infiltrated the DLC layer more efficiently, resulting in an
increased corrosion current and indicates that a smaller por-
tion of the substrate is exposed compared to the 60% porous
DLC-coated sample, yet sufficient to permit considerable cor-
rosion. The 40% porous DLC coating exhibited the lowest cor-
rosion current of 4.92 pA, demonstrating superior corrosion
resistance compared to the other two coatings. The detailed
EDS analysis of the 40% porous DLC-coated sample showed
the highest carbon content among the samples, suggesting
a well-deposited, thicker DLC layer that provides superior
protection against corrosion. Lower oxygen levels signify
diminished oxidation, whereas the low chlorine concentra-
tion implies limited chloride ion infiltration, correlating with
enhanced corrosion resistance. The 40% porous DLC-coated
Ti64 sample exhibits little substrate exposure, significantly

reducing corrosion compared to other samples.

Antibacterial and cell viability effects

The antibacterial capabilities and cellular biocompatibility are
fundamentally reliant on the materialschemical composition.
Nitride coatings, particularly zirconium nitride (ZrN), have
garnered considerable study attention owing to their excep-
tional capacity to reduce bacterial colonization relative to other
frequently utilized base materials in clinical applications [46,
60]. Figure 9(a) shows the results of antibacterial efficiency of
uncoated Ti64, ZrN-coated Ti64, and DLC-coated Ti64 scaf-
folds were evaluated against Escherichia coli and Staphylococ-
cus aureus. The bacteria were cultured in a growth medium
containing both uncoated Ti64 and coated materials. The inhi-
bition rates of Ti64 coated with ZrN were higher than those
of the DLC-coated and untreated groups against E. coli and S.
aureus. Significantly, the samples with 60% porosity exhibited
greater bacterial inhibition compared to those with 50% poros-
ity. Likewise, samples with 50% porosity exhibited enhanced
bacterial inhibition compared to those with 40% porosity,
while 60% porous Ti64 materials displayed the most significant
inhibition zone across all groups. The typical inhibition rates
during the E. coli incubation were 2.1 mm for uncoated 60%

porous, 2.75 mm for DLC-coated 60% porous, and 3.5 mm
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Figure 9: (a) The inhibition rate of uncoated, ZrN-, and DLC-coated
porous Ti64 groups at 24 h against E.coli and S.aureus, (b) Effect of the
uncoated, ZrN-, and DLC-coated Ti64 scaffolds on L929 cell viability in 48,
72,and 96 h (*P<0.05).

for ZrN-coated 60% porous Ti64. The mean inhibition rates
were 3 mm for the control groups, 3.5 mm for the DLC-coated
groups, and 4 mm for the ZrN-coated groups. All evaluated
samples demonstrated antibacterial capabilities by efficiently
suppressing both E.coli and S. aureus bacteria (Fig. 6). Titanium
dioxide (TiO,) is acknowledged for its antibacterial qualities
attributed to its photocatalytic activity. These reactive oxygen
species can inflict considerable harm to bacterial cell walls and
membranes, resulting in cell mortality. Photocatalytic TiO, has
demonstrated the capacity to cause cell inactivation by disrupt-
ing regulatory networks and signaling pathways, significantly
diminishing respiratory chain activity, and inhibiting the uptake
and transport of iron and phosphorus [61]. Our research indi-
cates that the combination of ZrN and DLC coatings on Ti64
significantly improves bacterial inhibition rates. Zirconium,
noted for its superior biocompatibility with human cells and
its strong mechanical and chemical properties, is extensively

employed in the production of biomedical implants [46, 62-64].
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Some research also indicate that DLC coatings can diminish
bacterial adhesion [65-67]. The findings indicate that ZrN and
DLC coatings may be viable options for biomedical tissue engi-
neering applications.

Following 48, 72, and 96 h of incubation, the impact of the
porous Ti64 samples, both untreated and coated with ZrN and
DLC, on L929 cell viability was examined [Fig. 9(b)]. Some sam-
ples exhibited toxicity within 48 h, and a reduction in viability
was noted across all groups at 72 and 96 h. Uncoated Ti64 sam-
ples with 60% porosity demonstrate greater cell viability com-
pared to uncoated samples with 40% and 50% porosity. After
48 h, the cell viability rates in the uncoated Ti64 groups were
67.21% for 40% porosity, 54.39% for 50% porosity, and 77.51%
for 60% porosity. However, ZrN-coated 40% porous Ti64 group
showed the best cell viability in ZrN-coated scaffold Ti64 sam-
ples. After 48 h, the cell viability rates for the ZrN-coated Ti64
scaffold groups were 72.22% for 40% porosity, 71.79% for 50%
porosity, and 67.22% for 60% porosity. Like the ZrN-coated
group, the 40% porous group in the DLC coatings exhibited
the highest cell viability. Both the ZrN and DLC coating groups
demonstrated that the 40% porous samples had the highest cell
viability, with the viability rates of these groups being nearly

identical. In the 50% and 60% porous groups, the ZrN-coated
Ti64 scaffold samples demonstrated a cell viability increase of
5-7% relative to the DLC-coated samples. Research on porous
titanium materials indicates that fibroblast cells exhibit a pref-
erence for infiltrating larger pores [68]. Despite the inherent
difficulty of soft tissue integration with metallic scaffolds,
these findings are promising due to the clinical significance
of enhanced tissue attachment. Additionally, previous studies
have demonstrated that ZrN coatings can significantly reduce
bacterial adhesion, and these surfaces appear to facilitate cellu-
lar attachment of human gingival fibroblasts[69]. ZrN coatings
positively influence fibroblast adhesion and proliferation and
exhibit antibacterial activity against significant early colonizer
bacteria in vitro [46, 70]. The cell adhesions on uncoated and
ZrN- and DLC-coated porous surfaces are given in SEM images
(Fig. 10). From these images, it was shown that the fibroblast
cells were cultured on DLC coating samples, resulting in a
higher cell viability rate compared to uncoated samples. In terms
of cytocompatibility, extensive in vitro studies have examined
the interactions between ZrN-coated surfaces and osteoblast-
like cells, particularly MG63 cell lines. The literature consistently

reports that ZrN coatings significantly enhance cell adhesion

Figure 10: Cell adhesions on Ti64 scaffold samples; (a1) uncoated 40% porous, (a2) uncoated 50% porous, (a3) uncoated 60% porous; (b1) ZrN-coated
40% porous, (b2) ZrN-coated 50% porous, (b3)-ZrN-coated 60% porous, (c1) DLC-coated 40% porous, (c2) DLC-coated 50% porous, (c3) DLC-coated

60% porous.
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and proliferation compared to uncoated titanium surfaces, with
statistically significant increases observed on days 1, 3, and 5 of
culture [71-73]. Additionally, comparative analyses of TiN, ZrN,
and Ti;~Zr:N coatings have demonstrated no cytotoxic effects,
further confirming their high biocompatibility and minimal
adverse impact on osteoblastic viability [73]. Supporting these
findings, studies involving monoclinic zirconia coatings—mate-
rials exhibiting similar chemical and functional characteristics
to ZrN—have also shown improved MG63 cell attachment,
spreading, and proliferation [74]. Similarly, diamond-like car-
bon (DLC) coatings have been shown to promote the adhesion
and proliferation of MG63 osteoblast-like cells. Cells cultured
on DLC-coated titanium surfaces exhibited significantly higher
proliferation rates than those on uncoated substrates, particu-
larly at days 1, 3, and 5. Moreover, DLC coatings have been
associated with enhanced cell viability and reduced cytotoxic
responses when compared to uncoated titanium [75]. Collec-
tively, these findings indicate that both ZrN and DLC coatings,
when applied to porous Ti6Al4V scaffolds via physical vapor
deposition (PVD), improve cytocompatibility and exhibit anti-
bacterial functionality. These dual advantages highlight their
potential for use in biomedical implants where both infection

resistance and cellular integration are critical.

This study employed the PVD technique to deposit ZrN and
DLC coatings on Ti64 scaffolds with varying pore percentages
(40%, 50%, and 60%), analyzing their morphological, structural,
and biological properties. Additionally, the hardness, in vitro
corrosion behavior, and antibacterial effects of the coatings were
analyzed and the findings are summarized below

e The ZrN and DLC layers were successfully deposited on Ti64
scaffold structures with varying pore ratios using the PVD
coating technique. The scaffold structures’pores resulted in a
homogeneous coating distribution for the agglomerate, with
the exception of the nanoparticles.

e High-resolution SEM section images showed that both
ZrN and DLC coatings adhered well to the porous Ti64
scaffolds. ZrN coatings exhibited columnar grains and
nanoparticle agglomeration due to limited adatom mobility
and shadowing during PVD, while DLC coatings formed
smoother, denser layers via isotropic growth of high-energy
carbon species.

® Microhardness testing showed a distinct increase in hardness
with both coatings across all porosity levels, with the highest
values observed in the 50% porosity group. ZrN coatings
outperformed DLC in hardness, especially at 50% porosity
(1200 +55 HV vs. 995+ 55 HV). Notably, even uncoated
scaffolds showed relatively high hardness, attributed to

©The Author(s), under exclusive licence to The Materials Research Society 2025

densification and grain refinement in pore walls, as reported
in the previous literature.

e Electrochemical testing revealed that DLC coatings
provided superior corrosion resistance compared to
ZrN. The chemical inertness and barrier properties of
DLC made it particularly effective in mitigating chloride-
induced corrosion, emphasizing its suitability for long-term
biomedical use.

e In antibacterial testing, ZrN coatings showed better
inhibition of E. coli and S. aureus, particularly at higher
porosity levels. This may be related to surface charge effects
or ionic interactions that promote antibacterial behavior.

e Cell viability assays with L929 fibroblast cells demonstrated
that all groups supported cell proliferation by 96 h, with the
highest viability (77.51%) in uncoated 60% porous scaffolds.
Among coated groups, ZrN showed better biocompatibility
than DLC in 50% and 60% porosity samples, suggesting its
potential for applications requiring both antibacterial and

cytocompatible properties.

Materials and coating procedure
The porous Ti6Al4V alloys were produced from Ti6Al4V alloy

powder with 99.8% purity and a mean particle size of 50 microns
(TLS Technik GmbH & Co., Germany). Spacers were made of
99.8% pure spherical magnesium powder with particle sizes
ranging from 150 to 850 um (average 350 um) from Tang Shan
Wei Hao Magnesium Powder Co. in China. The Ti64 scaffold
alloys with porosities of 40%, 50%, and 60% were fabricated
utilizing the space holder technique together with powder
metallurgy as detailed description is given in [19, 76]. In this
process, the alloys were first prepared as green compacts by
homogeneously mixing Ti6 Al4V-Mg spacer powders followed
by cold pressing and subsequently sintered at 1250 °C for 2 h
using an atmosphere-controlled tube furnace. The produced
scaffold alloys were cut into thin sections with the help of a
wire-electrical discharge machine (wire-EDM). Prior to the
coating process, the accessible outer surfaces of the porous
Ti6Al4V samples were gently wet-polished using aluminum
oxide (Al,Os) papers with grits ranging from #1200 to #400.
To preserve the integrity of the internal pore architecture, only
the external, exposed surfaces were polished. After polishing,
the samples were ultrasonically cleaned in ethanol and acetone.
The coating was performed with the Flexicoat 850-ISYS i90
system, starting with a negative voltage applied to the samples at
a vacuum pressure of 4.8 x 10~ mbar for 15 min to remove any
contaminants before the coating procedure. ZrN coatings were
subsequently deposited onto Ti64 substrates with porosities
of 40%, 50%, and 60% using a high-purity Zr target (99.95%)
in a nitrogen atmosphere (99.98%), at approximately 480 °C,
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applying a bias voltage of — 60 V and a target current of 100 A
for 90 min. For the DLC deposition, the process was conducted
at a bias voltage of — 75 V, under a vacuum of 2.10 x 10~ mbar,
with a target current of 150 A, also maintained at around 480 °C

for another 90 min.

SEM-EDS-XRD

The surface morphology and elemental analysis of the coated
samples were evaluated and characterized using scanning
electron microscopy (SEM—Hitachi SU3500) and elemental
mapping by energy dispersive spectroscopy (EDS—Oxford
Instruments). Furthermore, cross-section analysis has been
performed utilizing a focused ion beam scanning electron
microscope(Scios dualbeam, Thermo Sci.). Phase diffraction
patterns of the coated samples were determined through X-ray
diffraction (XRD—Rigaku Miniflex600, Japan), utilizing Cu Ka
radiation with a step size of 0.02° and a scanning speed of 2°/

min over a range of 20 from 25° to 80°.

Hardness test

Vickers hardness measurements of ZrN-coated and uncoated
porous Ti64 samples were taken using a Mitutoyo 810-617
tester with a Vickers pyramid tip at 2 N preload and a 10 s
time interval. Vickers Hardness (EMCO-TEST DuraScan) of
porous Ti6Al4V Scaffolds samples coated by ZrN and DLC was
measured by taking four hardness values from the surface of the

samples and averaging these values with standard deviations.

Corrosion test

During the Tafel corrosion tests, a Gamry 1010E potentiostat
was used with a three-electrode setup in a 3.5 wt % NaCl
solution at room temperature. The working electrodes (WE)
were ZrN- and DLC-coated Ti64 scaffold samples, and the
reference electrode (RE) and counter electrode were Ag/AgCl
(3.5 M KCl) and a 25 cm? ruthenium-/iridium-coated Titanium
electrode, respectively. Prior to initiating the Tafel corrosion test,
a consistent open-circuit potential (OCP) was established. The
samples were subsequently scanned at a scan rate of 0.5 mV s,
covering a potential range from —500 mV to 500 mV of the
open-circuit potential (OCP).

Bacterial sensitivity tests

The evaluation of the antibacterial effectiveness of the alloys
was conducted through the disk diffusion method [77].
Suspensions of E. coli (ATCC 25922) and S. aureus (ATCC
25923) were prepared to a 0.5 McFarland density, resulting in
a bacterial concentration of 1.5x 10 CFU-mL™! from 18-h

nutrient broth cultures. Inoculation of Mueller-Hinton agar

©The Author(s), under exclusive licence to The Materials Research Society 2025

plates was performed using 0.1 mL of these suspensions. Before
testing, the samples underwent cleaning in an ultrasonic bath
using water and ethyl alcohol for three minutes, followed by
sterilization under UV light at 254 nm for 30 min. The samples
were positioned on agar plates that had been inoculated with
bacteria. Following a 24-h incubation period at 37 °C, the
inhibition zones surrounding the disks were measured with a
digital micrometer([78]. In order to determine the most effective
samples, several groups were established, and each test was

performed in triplicate.

L929 Fibroblast cell culture

Cytotoxicity tests were conducted in accordance with the UNI
ENISO 10993 standard [79], utilizing the L929 mouse fibroblast
cell line. The L1929 cells were grown in DMEM/F12 medium
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin and kept at 37 °C in a 5% CO, environment. Upon
achieving confluence, the cells were detached from the culture
surface via trypsinization, followed by determining the cell
count using a hemocytometer after centrifugation of the cell

pellet. The cells were then exposed to cytotoxicity assays.

Cytotoxicity assays

L1929 cells were seeded in 96-well plates at a density of 10~
cells per well, with the prepared samples submerged in
the cell culture medium. The plates underwent incubation
at 37 °C for durations of 24, 48, and 72 h. The MTS assay
(5-(3-carboxymethoxyphenyl)-2-(4,5-dimethylthiazol)-3-(4-
sulfophenyl) tetrazolium) was utilized to evaluate cytotoxicity,
adhering to the manufacturer’s instructions. Following the
addition of 10 uL of MTS solution to each well, the plates
underwent incubation at 37 °C for a duration of one hour.
Absorbance readings were subsequently recorded at 490 nm
utilizing a microplate reader. Each assay was performed five
times. A sample was classified as cytotoxic if cell viability
dropped to 70% or lower, whereas samples with viability

exceeding 70% were categorized as non-cytotoxic [80].

Cell adhesion assay

The experimental samples were positioned in each well of a
24-well flat-bottom microplate, after which 1929 cells were
seeded onto the samples, with 1 mL of culture media introduced
to each well. The microplate was subsequently incubated at 37 °C
for a duration of 48 h to promote cell attachment. Following the
incubation period, the cells were fixed with 2.5% glutaraldehyde
(Sigma-Aldrich) to facilitate the examination of cell adhesion.
The adherent cells experienced dehydration via a sequential
exposure to ethanol solutions at concentrations of 30%, 50%,
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70%, 95%, and 100%, with each step lasting 10 min. Images
obtained through scanning electron microscopy (SEM) were
taken after 48, 72, and 96 h of incubation to assess the degree

and structure of cell attachment.

Statistical analysis

The samples were evaluated using one-way ANOVA and
independent-sample t tests to identify significant differences
among the groups. The results were presented as mean + standard

deviation, with a significance threshold set at p <0.05.
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