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Featured Application: This research work demonstrates that undoped a-C:H sputtered coatings can
effectively inhibit the metallic release from medical-grade 316L stainless steel in acidic artificial
saliva without a significant change in the microstructural characteristics. Moreover, the in vitro
biocompatibility with macrophages and/or fibroblasts was significantly improved. In opposition,
the a-C:H:N system seems to be unfavorable, even for low N content up to 10 at.%.

Abstract: Hydrogenated amorphous carbon (a-C:H) has been considered a promising biocompatible
coating to protect metallic alloys against corrosion for medical applications, namely orthodontics.
However, there is still no optimal solution for this biomedical field; hence, the investigation remains
open. In this work, the effect of a nonmetallic doping element (N) on sputter-deposited a-C:H
coatings was studied concerning both salivary corrosion and cytotoxicity behavior. After a 30-day
corrosion test in an acidic modified Fusayama-Meyer artificial saliva, metal release from both coated
and uncoated 316L stainless steel (SS) substrates was quantified. Tests on the corrosion extracts were
then performed by using monocultures of macrophages and fibroblasts, and their coculture; and
cell viability was evaluated via the MTT test. Results show an overall inhibition of the SS corrosion,
which enhanced the in vitro biocompatibility with a minimal effect on the coatings” microstructure.
Among all the coatings tested, the undoped a-C:H coating performed the best, whereas an increase
in N doping led to poorer protection against metal dissolution and a subsequent slightly lower
biocompatibility. The findings corroborate that selecting the nonmetallic element N for doping
C-based coatings is not a good choice for this biomedical field, even at low contents up to 10 at.%.

Keywords: cytotoxicity; corrosion; DLC coatings; hydrogenated amorphous carbon (a-C:H); metal
release; nitrogen doping; orthodontics; protective coatings; sputtering

1. Introduction

Any metallic alloy ultimately corrodes in vivo [1,2], namely inside the human mouth.
However, the first-generation biomaterials are still widely used in applications that require

Appl. Sci. 2024, 14, 10500. https:/ /doi.org/10.3390/app142210500

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app142210500
https://doi.org/10.3390/app142210500
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-5251-5506
https://orcid.org/0000-0003-0986-9880
https://orcid.org/0000-0001-6774-8492
https://orcid.org/0000-0001-5546-6922
https://orcid.org/0000-0002-8142-0650
https://doi.org/10.3390/app142210500
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app142210500?type=check_update&version=1

Appl. Sci. 2024, 14, 10500

2 of 15

demanding mechanical properties, such as orthodontics. Stainless steel (SS), titanium (Ti)
and its alloys, and cobalt (Co)-chromium (Cr) alloys are typical representative biometals
in the referred medical field, providing the required load to induce tooth movement for
correcting malocclusions [3,4].

Despite the alloys’ biocompatibility—basic criteria for any material to be considered
a biomaterial—concerns have been intensified regarding the effects of the intraoral envi-
ronment in promoting metallic corrosion, which is ultimately accompanied by the release
of metallic ions. Some of those ions—such as Ni(Il)—cause allergic reactions and can be
toxic to cells and tissues [2,5,6]. Therefore, further research is required to functionalize
these bioalloys, while taking advantage of the already suitable bulk mechanical proper-
ties. Among the several surface treatments, coating deposition techniques, and classes of
materials reported in the literature—for medical and biotechnological applications and
orthodontics in particular [4,7]—the potential of the amorphous C-based coatings deposited
by sputtering must be highlighted.

Physical vapor deposition (PVD) methods—including sputtering—present several
advantages for demanding functional medical applications: it enables the deposition
from monolithic to composite materials and equilibrium to metastable structures; it yields
high deposition rates; and sputtered coatings exhibit better adhesion compared to others
deposited by other methods, namely high purity, ecofriendliness, uniformity, and high
reproducibility [8,9]. Moreover, H-free and hydrogenated amorphous carbon coatings
(a-C and a-C:H, respectively), including the so-called Diamond-Like Carbon (DLC), can
be deposited by sputtering and are well-established due to their chemical inertness, and
overall biocompatibility [10].

Following the same approach that has long been used for the development of protec-
tive coatings in the mechanical and tribological fields, doping of DLCs with metals and
nonmetals has been a common method for bioapplications [11,12]. Moreover, for certain
doping concentration ranges, the amorphous structure of DLC coatings can be preserved,
therefore avoiding certain defects of the crystalline networks, such as grain boundaries, that
are favored sites for phase precipitation and chemical reactions—such as corrosion. This has
been explored recently by the authors, namely by selecting a less used element—nitrogen
(N)—as a dopant of the a-C:H coatings produced by sputtering. The findings concerning
the bacterial adhesion inhibition corroborate that the best N doping level was 6 at.% [13].

The main objective of the current research is to understand whether the reactively
sputtered a-C:H:N coatings can fulfill the trinomial saliva physicochemical parameters
—Iliving tissues—plaque-forming micro-organisms, that characterize the complex oral cavity
environment. Aiming at orthodontics, it is intended to complete the study of the C-H-N
system onto medical-grade 316L SS, preserving the N concentration up to 10 at.%. For that
purpose, in vitro aggressive parameters were selected to better mimic the human mouth.
The purpose of this article is twofold: (i) to assess the corrosion behavior of both uncoated
and DLC-coated 316L SS substrates; and (ii) to evaluate the resulting in vitro cytotoxicity
of their respective eluates in artificial saliva, using monocultures of macrophages and
fibroblasts and their coculture.

2. Materials and Methods
2.1. Coatings Deposition

The deposition process of the a-C:H:N coatings onto 316L SS (AISI) substrates by
reactive d.c. magnetron sputtering was performed in a system equipped with two cathodes
(graphite and titanium, 99.9% purity), as previously described elsewhere [13]. Briefly,
previously polished square-shaped (10 x 10 x 2 mm) SS substrates were etched by Ar
bombardment, followed by the deposition of a Ti-based interlayer. Finally, three different
top C-based top layers were synthesized by varying the reactive N flow for a fixed CHy/ Ar
flow ratio. The coatings will be identified according to their dopant content: the reference
undoped CH_ON and the doped CH_6N and CH_9N, as summarized in Table 1.
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Table 1. Main characteristics of the as-deposited coatings.
Thickness N Content H Content

Coating  Relative Nz Flow ! [nm] [at.%] [at.%]

%

%l Ti Interlayer CTop Layer (XPS1) (EDS) (ERDAY)
CH_ON 0 366 801 — — 33
CH_6N 7.9 349 820 5.6 6.5 27
CH_9N 12.5 361 928 9.0 9.4 25

1 Values reproduced from [13].

2.2. Coatings Characterization

The surface and cross-section morphology of the deposited coatings, as well as thick-
ness measurements, were assessed by high-resolution field-emission Scanning Electron
Microscopy (SEM) by using a ZEISS Merlin Compact/ VP Compact equipment. The cross-
section elemental distribution maps were obtained by using an Energy Dispersive Spec-
troscopy (EDS) detector (X-Max Oxford Instruments, Oxford, UK) coupled to the SEM system.

The evolution of the structure and chemical bonding of the coatings upon immersion
was studied through visible Raman in a LabRAM HR 800 Evolution spectrometer (Horiba,
Vénissieux, France), equipped with a 532 nm external laser source and coupled with an
Olympus BXFM confocal microscope (100 x objective, yielding a spot size of ~1 um, and
a power of ~10 mW at the sample). The Raman spectra were curve-fitted into two main
Gaussian functions after linear background subtraction, corresponding to the D and G
characteristic bands of amorphous carbon materials [14,15].

Prior to wettability analysis, all samples were ultrasonically cleaned in ethanol and
distilled water, sequentially. The static water contact angles (WCA) were measured with
distilled water drops (4 uL/s) in a CAM100 equipment (KSV Instruments Ltd., Helsinki,
Finland). A minimum of four measurements per sample was performed.

The coating’s surface topography was assessed by Atomic Force Microscopy (AFM),
by acquiring 3D images and calculating the average roughness (Ra) in a Veeco Dilnnova
equipment running in intermittent mode (4 x 4 um? area).

2.3. Metal Release in Artificial Saliva

Static corrosion tests were performed by immersing the samples in an acidic
(pH = 2.3) modified Fusayama-Meyer artificial saliva bath in sterile conditions for 30 days
at, 37 °C, by adapting the ISO 10271 protocol [16]. A surface-to-area ratio of 1 cm?/10 mL
was preserved [17,18]. The chemical composition of the artificial saliva was the following;:
KCl—0.4 g/L; NaCl—0.4 g/L; CaCl, e 2H,0—0.906 g/L; NaH,PO,4 ¢ 2H,0—0.69 g/L;
NayS e 9H,0—0.005 g/L; and HCl (1M)—until pH = 2.3. Samples were previously ster-
ilized by UV radiation (30 min per side), whereas the artificial saliva was autoclaved
(Uniclave 77, AJC, Cacém, Portugal). At the end of the immersion test, the solutions—
hereby termed “corrosion extracts”—were retrieved for further analysis. The metallic
elements (Ni, Cr, and Fe) in solution were quantified, in triplicate, by Inductively Coupled
Plasma—Optical Emission Spectroscopy (ICP-OES) in a Horiba Jobin-Yvon Ultima appara-
tus (Edison, NJ, USA). The average metal release rates for each element, per day and per
surface area, were then calculated. The ICP-OES detection limits for Cr, Fe, and Ni were
1.18, 1.48, and 3.73 ug/L, respectively.

2.4. Cytotoxicity Tests
2.4.1. Cell Cultures

In this work, two types of cells were used to assess the cytotoxicity of the corrosion
extracts: the NIH /373 (ATCC® CRL-1658™ American Type Culture Collection (Manassas,
VA, USA)) fibroblasts [19]; and fresh macrophages (primary culture) from Wistar rats
(Rattus norvegicus albinus), collected in-house according to the protocol described [20]. Both
cell types were incubated using Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco® 1x,
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11966-025, ThermoFisher Scientific, Altrincham, UK) supplemented with 5% fetal bovine
serum (FBS, Sigma-Aldrich®, F7524, St. Louis, MO, USA), 1% L-glutamine (L-Glutamine
100 %, 200 mM, XO550-100, Biowest, Nuaillé, France), and 1% antibiotics (penicillin and
streptomycin, Lonza Pen Srep, Amphotericin, B 100x, 17-745, Lonza Walkersville Inc.,
Walkersville, MD, USA) at 37 °C, 5% CO,, and 95% humidity (Binder incubator, CB 150,
Uster, Switzerland).

2.4.2. Testing of the Extracts

Prior to the in vitro tests, the corrosion extracts retrieved from the corrosion tests (see
Section 2.3) were filtered twice using FP 30/0.2 puL filters (10462200, Whatman, OH, USA)
to prevent any culture contamination. According to ISO 10993-5 [21] and by adapting the
protocol developed and followed by Costa et al. [22], fibroblasts were then seeded separately
or as coculture in 48-well flat-bottom plates (Corning Inc. Costar®, 3548, Corning, NY, USA)
in sterile conditions (flow laminar chamber, Heraeus Holten, HBB 2448, LabExchange,
Germany). A total number of 2.6 x 103 fibroblasts and/or 5 x 10* macrophages per well
were used. For controls, 600 pL of culture medium was added to each well; for testing
the extracts, 67 uL of each corrosion extract or artificial saliva was used to attain the
same total volume, completed with DMEM 5%. Plates were prepared to be incubated
for 5 days (macrophages monoculture) or 6 days (fibroblast monoculture or coculture
with macrophages) under standard conditions (37 °C, 5% CO;, 95% humidity). At least
3 independent assays were performed for each culture type.

2.4.3. MTT Test

At the end of the incubation periods, cell viability was quantified by the MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay [23]. After aseptically
removing the content of each well, fresh culture medium (without FBS) and MTT at 10%
were added (total volume of 450 pL). The plates were placed inside the incubator for 4 h
in the described standard conditions. Afterwards, the solution of each well was replaced
by 450 pL of acidic isopropanol to stabilize the formazan crystals for 15 min (at room
temperature over the bench under light protection). Finally, the absorbance was measured
at 570 nm with a reference filter of 620 nm using a spectrophotometer (Biotek Synergy HT,
Winooski, VT, USA).

2.4.4. Statistical Analysis

The RStudio software [24] (version 4.2.3) was used to analyze the MTT results. Data
from each well was standardized regarding its control and depicted as boxplot diagrams.
The standardization line (SL, y = 1) was included as a reference, referring to the average
value of the controls (100%). The 70% level (y = 0.7) is also included and can be understood
as the limit that divides cytotoxic (>70%) and noncytotoxic materials (<70%) [25]. To
perform the statistical analysis, the nonparametric Kruskal-Wallis test was first used to
search for significant differences among the medians of the studied groups. The null
hypothesis was that “there are no statistically significant differences between the studied
groups”, considering an « value of 0.05 (a confidence interval of 95%). If p < &, the Mann—
Whitney test was applied to assess for the statistically significant differences between
2 independent samples for the same confidence interval. The following notation is used in
the boxplots for identifying the statistically significant differences: * p < 0.05; ** p < 0.01;
and ** p < 0.001.

3. Results and Discussion
3.1. As-Deposited Characterization
To complement the as-deposited characterization of the sputtered a-C:H:N coatings

previously reported [13], a new summary can be found in Table 1 for the coatings in
the study.
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Nitrogen quantification by EDS analysis revealed a doping range between 5 and
10 at.%, confirming previous XPS results (Table 1). The N content in the films increased
with the reactive N, flow, associated with a decrease in hydrogen incorporation (from
~33 to 25 at.%), as quantified by Elastic Recoil Detection Analysis (ERDA) and Rutherford
Backscattering Spectrometry (RBS). Moreover, both the previous XPS and Raman spec-
troscopy analysis corroborated a progressive graphitization of the C-based matrix upon
doping, confirming that nitrogen promotes the formation of C=N bonds and enhances the
total sp? hybridization of carbon in the sputtered a-C:H:N coatings.

Representative cross-section and surface SEM morphologies of the as-deposited un-
doped and doped coatings can be seen in Figure 1. A well-defined columnar layer with a
thickness of approximately 360 nm characterizes the Ti-based adhesion-promoting inter-
layer, just below a contrasting thicker (800-900 nm) and dense top external layer (Table 1).
Thus, doping with N does not seem to change the featureless morphology of the undoped
a-C:H layer by using the selected sputtering conditions of this study, as shown in Figure 1b
for the coating with the highest N content (CH_9N). Nevertheless, the typical surface coni-
cal defects [26] become rare, allowing the observation of a more “scratched” /“groove”-like
morphology of the coating that followed the imperfect surface mechanical polishing of
the SS surface. Even so, surface roughness was not significantly affected by the N doping
effect (Ra between ~2.9 and 3.4 nm), accompanied by a decrease in the WCA from ~81 to
73° [13] (Figure 2a).

The EDS cross-section elemental distribution maps (Figure 1) confirm the architec-
ture of the coatings under study. Immediately above the Si substrate, a strong Ti K«
signal, originated from the interlayer, was detected, followed by a wide carbon band due
to the top layer. While carbon seems to be well distributed through the coatings’ thick-
ness, the nitrogen doping element appears to be more concentrated in the adhesion layer
(Figure 1b). This nonhomogeneous distribution of nitrogen during film formation was
expected. In fact, titanium has a higher affinity for nitrogen in comparison to carbon [AH®¢
(TiN) = —80.4 kcal/mol, AH®; (TiC) = —57 kcal/mol] [27]. Thus, when the coatings are
deposited under an N,-containing reactive atmosphere, preferential nitrogen interdiffusion
can occur from the growing top C-based layer to the presputtered interlayer.

3.2. Corrosion Behavior

Static immersion tests are economic and simple methods for studying the corrosion
behavior of materials for extended time periods, simulating as closely as possible what
might happen in real-life situations, namely in orthodontics. After the 30-day immersion
test in acidic artificial saliva with pH 2.3, no coating damages were identified.

As shown in Figure 2, the coatings’ Ra systematically increased upon immersion
(more than doubles), with more pronounced surface morphological features as seen in the
3D AFM topographic maps. Similarly, the wettability of the coatings increased, as seen
by the opposite trend in the recorded WCA values (Figure 2), which may be justified by
the variation of surface roughness. Indeed, and according to Wenzel’s equation [28,29],
if the surface is in the hydrophilic regime (WCA < 90°, which is the case of the coatings
under study), an increase in surface roughness will lead to a decrease in the WCA, as
previously reported [30]. Nonetheless, the undoped CH_ON was the most stable coating,
while the doped CH_6N and CH_9N showed higher variations in the WCA. The corrosion-
promoting environment can also foster the formation of oxygen-containing hydrophilic
groups, accompanied by a reduction in the number of hydrocarbon groups [31], with
a possible effect on the WCA of the aged coatings. Other more significant alterations,
such as discoloration, detachment, or cracking detected by other researchers [32-34] were
unnoticeable in the present study.

The C-bonding configuration of the coatings was evaluated by Raman analysis, Figure 3.
As can be seen, Raman spectra of CH_ON and CH_6N coatings almost overlap, indicating
that the immersion did not significantly affect its as-deposited C-bonding configurations,
Figure 3a. The evolution of the Raman features upon curve fitting is summarized in Table 2
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and depicted in Figure 3b, namely regarding the D and G peak positions—Pos(D) and
Pos(G) —, and the intensity ratio between both bands—Ip /1. Nevertheless, results from
the coating with the highest N content (CH_9N)—which was already the one with the
highest as-deposited total sp?/sp® content [13]—suggest that it underwent graphitization
upon the 30-day immersion. This is noticeable in Figure 3b, where both Pos(G) and Ip/Ig
ratio rise, being indicative of a less disorderly structure with an increase in the size and/or
number of sp2 clusters [14].

(2) CH_ON

u-CoHiop layer

%

§ o "
520 Iniegluyer

Si Ka Ti Ke C Ka

1pm

(b) CH_9N

sed interloyer

200 nm
—

Si Ka Ti Ka C Ka N Ka

e 1

1um f !

1pm

1um

Figure 1. Cross-section and surface SEM micrographs coupled with the corresponding EDS elemental
distribution maps of the as-deposited (a) CH_ON and (b) CH_9N coatings deposited onto Si substrates.
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(a) As deposited (b) After immersion

[l VoM
[l VOM

0 5 10 0 5 10
N content [at.%] N content [at.%]

Figure 2. Evolution of the Ra and WCA with N doping content, for both (a) as deposited [13] and
(b) post-immersion coatings, coupled with representative 3D AFM topographic maps (4 x 4 pm?)
and optical image of droplets.

Table 2. Raman curve fitting parameters of the as-deposited and as-immersed coatings.

Coating Condition Pos(G) Pos(D) Ip/Ig
As-deposited 1552 1372 0.77
CH_ON As-immersed 1553 1374 0.76
As-deposited 1553 1378 0.89
CH_6N As-immersed 1553 1378 0.89
As-deposited 1560 1384 1.09
CHON As-immersed 1562 1385 1.15

The N-induced decrease in the sp> content, along with the higher surface hydrophilic-
ity [35], may help in explaining the worse corrosion behavior of the doped films. The
average release rates of the three main elements in the SS nominal composition—Ni, Cr,
and Fe—are compiled in Figure 4.

The analysis of each metal in the solution revealed a substantial reduction in nickel
and iron average release rates, by approximately 70%, for the steel substrates coated with
undoped a-C:H, that is, CH_ON (Figure 4), while Cr release rate remained approximately
constant. Accordingly, it is possible to conclude that the corrosion resistance of the medical-
grade 316L SS in the acidic solution was improved by depositing the dense amorphous
C-based coating with a Ti-based adhesion-promoting interlayer.

Other authors also reported a significant decrease in the commonly focused Ni element
from several metallic alloys [36—40], with an overall biocompatibility enhancement, by
using DLC protective coatings. Nonetheless, in a previous study concerning the protection
of S5 against corrosion by coating with a-C:H-based coatings, considerably higher Ni, Cr,
and Fe release rates from coated substrates were found when compared with the bare
SS ones [18]. Such disappointing and unexpected results evidenced the need to consider
the substrate/coating system as a whole. Metallic-based interlayers can actually induce
galvanic coupling effects at reactive interfaces within the coating [41], deteriorating the
corrosion resistance of the alloy with a resulting increase in the concentration of metallic
ions in the electrolyte. In the current work, the increase in the overall release rate seems to
be related to the doping element itself, when compared to the undoped CH_ON one. In fact,
for the coatings with up to ~9 at.% of N, more modest inhibition in the Ni release rates were
achieved: only ~20% (Figure 4), contrasting with the previously mentioned 70% for the
undoped film. Similarly, the Fe release rates seem to follow Ni’s, whereas a slight increase
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in Cr release was detected. Nitrogen addition clearly led to a lower corrosion inhibition
ability of the DLC coating.

(a) )

Normalized intensity [a.u.]

— As-deposited
- = As-immersed

1575

1560 P

Pos(G) [cm™]

1545

1395

Pos(D) [em™!]
b
\D\

1365

1.25F

= e
5 Lk
= s
_U 1.00 P -
\Q /ﬂ?
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1000 1500 2000 0 5 10 1

Wavelength [cm‘l] Relative N, flow [%]

Figure 3. Raman results of the as-deposited and as-immersed coatings: (a) Raman spectra; and
(b) obtained Pos(G), Pos(D), and Ip/Ig ratio upon curve fitting. A typical curve fitting for the
as-deposited CH_ON coating into the G and D peaks is also presented.

According to the literature, N doping contents above ~10 at.% are expected to increase
the electrical conductivity of the a-C:H:N material [14], which is a serious disadvantage
for protective coatings operating in corrosive/oxidizing environments. In fact, coatings
with ~11 at.% of N show improved electron transfer ability for redox reactions, which
makes them suitable for other applications, such as biosensors [42]. However, for lower N
contents, this effect has been reported to be minimal, and an improved corrosion resistance
would be expected, by maintaining the threshold value of ~10 at.%. This motivated the
selection of this non-metallic element as the dopant in the current work. Surprisingly, the
results were beyond expectations. While for the CH_9N, a deleterious effect of the doping
level might occur due to the proximity with the threshold value, the opposite should occur
for the CH_6N, in accordance with its better bacterial adhesion inhibition properties [13].

Overall, the high corrosion resistance of the 316L SS alloy can be further optimized
by deposition a top compact well-adherent a-C:H film, with a WCA close to 80° and a
promoting Ti-based adhesion layer.
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Average metal release rate [ug/(cmz.day)]
a9

NilCrlFe NilCrlFe NilCrlFe NilCrlFe
SS CH_ON CH_6N CH_9N

Figure 4. Average Ni, Cr, and Fe release for the uncoated and DLC-coated 316L SS substrates after
the 30-day corrosion test in acidic artificial saliva.

3.3. Cytotoxicity Evaluation

After quantifying the concentrations of released metallic ions upon the salivary corro-
sion, the cytotoxicity effect was evaluated via the MTT assay. The cell viability results for
fibroblasts and macrophages and their coculture upon incubation with culture medium
conditioned with extracts or saliva are presented in Figure 5. Macrophage primary monocul-
tures were incubated for 5 days, while fibroblast cell line monoculture and their coculture
with macrophages were incubated for 6 days. Overall, an analysis of this figure shows
that the median MTT values of all groups are above the 70% level [25], suggesting that all
materials are noncytotoxic.

3.3.1. Macrophages

Concerning the MTT results from the macrophage monocultures, statistically signifi-
cant differences were found between saliva and SS (p < 0.01), CH_ON (p < 0.001), CH_6N
(p < 0.001), and CH_9N (p < 0.01); SS and CH_ON (p < 0.001), CH_6N (p < 0.001), and
CH_9N (p < 0.001); and between CH_6N and CH_9N (p < 0.05), as presented in Figure 5a.

The SS group shows the lowest cell viability, with statistically significant differences
regarding all the other groups of coated samples (Figure 5a). These findings seem to follow
the overall reduction in the metal release rates upon coating with the DLC, as presented in
Figure 4.

Significant attention has been given to the cytotoxicity of nickel (Ni) [43]. In fact,
the International Agency for Research on Cancer (IARC) classifies nickel compounds as
carcinogenic to humans (Group 1), while metallic nickel is potentially carcinogenic [5].

In a recent study, Loeffler et al. [44] investigated the in vitro inflammatory effects over
THP-1 monocytes and macrophages after exposure to separate solutions of Cr(III) and Ni(II)
ions with successively higher concentrations (10-500 uM, found in periprosthetic tissues).
The authors reported that Cr(IIl) did not significantly influence the cell viability of both
types of cells for the tested concentration range; conversely, Ni(II) ions induced cytotoxic
effects that were concentration-dependent. Moreover, low concentrations of bivalent ions
were found to trigger the release of inflammatory mediators, especially from macrophages.
For Ni(II) solutions with the highest concentrations (100 and 500 uM), however, the reactive
oxygen species (ROS) significantly increased in the supernatant compared to the control.
ROS are produced by innate immune system cells to deal with pathogens; nonetheless, for
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high production, ROS can accumulate and induce oxidative cell stress, leading to oxidation
of cellular biomolecules and possibly cell damage or death [44], which may be occurring in

this study.
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Figure 5. MTT cell viability results of (a) macrophages (5 days), (b) fibroblasts (6 days), and (c) co-
culture (6 days) after the test in culture medium conditioned with saliva or with extracts from SS,
CH_ON, CH_6N, and CH_9N. The MTT values are expressed as a percentage of each mean value
of each experimental control. SL: standardization line. 70%: refers to 70% of the control. Statistical
significances: * p < 0.05; ** p < 0.01; and ** p < 0.001.

Regarding chromium, it is accepted that its release during corrosion occurs in its
trivalent ionic form, despite evidence of the in vivo release of Cr(IV), which is rapidly
reduced to Cr(III) in cells [45]. While Cr’s toxicity is usually assigned to its hexavalent
oxidation state, other researchers pointed out “the potential for Cr(Ill) to cause toxic,
carcinogenic, genotoxic, mutagenic, and epigenetic effects in biological systems” [46].
Nevertheless, Cr average release rates were similar for all tested samples. Thus, the contents
of both Ni(II) and Cr(Il) ions may help explain the statistically significant differences found
between the uncoated and coated SS groups.

Interestingly, standardized MTT average values above the SL line (y = 1) were found
when macrophages were incubated with the culture medium conditioned using the extracts
from the coated samples (CH_ON, CH_6N, and CH_9N), but that was not the case for
the saliva group (i.e., macrophages grown with medium conditioned with artificial saliva
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without corrosion extracts), Figure 5a. Explaining this result is challenging. One potential
justification could be the activation of the macrophages, namely regarding the release of
Fe and their fundamental role in vivo [47,48]. Iron is an essential trace metal for living
organisms, taking part in multiple vital functions and metabolic pathways, such as oxygen
transport throughout the body and DNA synthesis [47,49]. For 19-50-year-old men and
women (nonpregnant, not breastfeeding), recommended dietary allowances (RDA) of ~8
and 18 mg/day of Fe were estimated [50], respectively, even though only a portion will be
biologically accessible. After absorption in the duodenal mucosa cells via a divalent metal
transporter-1 (DMT-1), a strictly regulated and complex homeostasis of this metallic element
occurs, in which macrophages play an important role [47,48]. The tight Fe regulation is
justified due to the capacity of “free” iron to donate or accept electrons from other molecules
and to consequently produce ROS [48,51-53]. This is the case of ferrous Fe(Il) ions, which
are commonly released during metallic corrosion processes.

Due to the potential cytotoxicity of its ions, Fe does not move freely throughout
the body. Instead, it is maintained “captive”, either bonded to other molecules (e.g.,
ferritin) or compounds, and/or kept inside the cells [47,48]. Macrophages are cells from
the innate immune system that play a pivotal role in dealing with this metal [47,53]. For
instance, specialized spleen and liver macrophages phagocytize damage or senescent red
blood cells to collect iron that is found in the heme groups of hemoglobin. Moreover,
differently polarized M1 or M2 macrophages can sequestrate or release iron, respectively.
M1-like macrophages maximize their ability to retain Fe inside the cells to restrict its
availability to pathogens (e.g., during bacterial infections) or under an inflammatory
response. Conversely, the fast iron release promoted by M2-like macrophages induces
tissue repair and regeneration, angiogenesis, and inflammation resolution [47,48,53].

In the current study, the increased MTT values for macrophages incubated with culture
medium conditioned with corrosion extracts from coated samples—when compared to
the SL and the saliva group—may be related to their higher activity. According to the
abovementioned role in Fe homeostasis they play, macrophages may be importing these
ions from the extracts present in the culture medium. A higher activation of the naive
macrophages based upon this factor could explain the increased MTT colorimetric assay
values for cultures conditioned with the corrosion extracts [54], whereas the same would
not occur for the controls or the saliva group, which do not have such concentration in Fe.

Despite the remarkable ability of macrophages to adapt to external stimuli, a decrease
in cell viability was found between the CH_6N and CH_9N groups (p < 0.05), Figure 5a.
Data suggests an overall decrease trend in cell viability for macrophages cultured with
corrosion extracts as follows: CH_ON ~ CH_6N > CH_9N > SS. Particular attention should
be given to macrophages cultured with medium conditioned with the eluates from the
uncoated SS, which showed a statistically significant decrease in cell viability, evidencing it
is poorer in vitro biocompatibility when compared with the coated samples.

Overall, the best cell viability results obtained for macrophages were obtained for the
CH_ON and CH_6N coatings.

3.3.2. Fibroblasts

The statistical analysis of the results from the fibroblast monocultures revealed sta-
tistically significant differences between the following groups: saliva and SS (p < 0.001),
CH_6N (p < 0.01) and CH_9N (p < 0.001); SS and CH_ON (p < 0.01); and CH_ON and CH_9N
(p < 0.05), Figure 5b.

Generically, the results from the fibroblast monocultures show that all medians were
below the SL line. All the studied groups showed a decrease in the median cell viability,
in the following order: saliva > CH_ON > CH_6N > CH_9N > SS (Figure 5b). The worst
cell viability was obtained for the extracts released from the medical grade 316L SS, whose
median is above but quite close to the 70% level. In the frame of the current work, the
extracts from SS can still be classified as biocompatible (as expected); however, the carbon-
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based coatings were found to significantly increase the overall biocompatibility. Moreover,
the extracts from the undoped CH_ON coating showed the best cell viability.

The isolated effect of Ni ions on the viability and number of different types of fi-
broblasts were studied by other researchers [55]. Accordingly, 50% of cell death and cell
viability were found for BALB/3T3 clone A31 fibroblast for Ni ions concentrations of ~0.05
and 0.09 mM/L, respectively [55]. Ni is also capable of actively inducing ROS in intact
mammalian cells, which may be the first step of a Ni-mediated ROS mechanism of Ni
carcinogenicity [56]. Moreover, Ni was found to reprogram the metabolism of primary
human lung fibroblasts and mouse embryonic fibroblasts by strongly repressing mito-
chondrial fatty acid oxidation, which may contribute to Ni-induced carcinogenicity [57].
Dioxygenases are also inhibited by Ni ions, which can have widespread negative effects on
cells, namely concerning DNA repair [58].

The effect of Fe ions in fibroblasts’ viability cannot be disregarded as well [59]. In fact,
the cytotoxicity to BALB/3T3 with solutions of iron chloride was found to be concentration-
dependent, and a synergistic effect with nickel chloride solutions may occur [60]. Addition-
ally, cell membranes can be damaged by iron ions via Fenton and Haber-Weiss reactions
due to the production of ROS [52].

In the current work, a combined effect between the three metallic ions in the extracts
may influence the overall cell viability of fibroblast monocultures.

3.3.3. Coculture

Finally, statistically significant differences were found for the MTT results of the cocul-
ture between the following groups: saliva and CH_ON (p < 0.05) and CH_6N
(p < 0.01); and between SS and CH_ON and CH_6N (both p < 0.01), Figure 5c.

The cell viability results confirm that the extracts released from the SS were the least
biocompatible, especially compared with both CH_ON and CH_6N (Figure 5¢). A higher
dispersion was assessed for the results of CH_9N, but the median value was between
those of CH_ON and CH_9N. Moreover, all the groups concerning coated samples showed:
(i) median MTT values above the SS, as found for isolated monocultures of macrophages;
and (ii) nonsignificant differences among them.

The results suggest that the SS extracts decrease cell viability even though the differ-
ence between the SS and saliva groups was nonsignificant. The impact of these extracts thus
seems to be lower for the coculture when compared with the monocultures. The coculture
assays are expected to better mimic the in vivo scenario, in which different types of cells
simultaneously interact in a collaborative manner. For instance, fibroblasts can synthesize
and release growth factors [61] that can enhance the survival of macrophages, whereas this
phagocytic cell type can improve the quality of the culture medium by removing adverse
chemical stimuli [62]. Additionally, the cell viability overestimation effect mentioned for
macrophages may also be present in the coculture experiment (and not in the fibroblast
monoculture). This may help explain the abnormal increase in the median MTT values for
the groups of coated samples (CH_ON, CH_6N, and CH_9N). Nonetheless, it was absent
for SS, which indicates a poorer in vitro biocompatibility of the 316L medical-grade alloy
when uncoated.

As in all in vitro studies, this research work presents some limitations which do not
enable absolute extrapolations to more complex real applications of the coated 316L SS,
such as orthodontics. On one hand, extracts for the cell viability assays were produced
after a 30-day release of metallic ions, while longer contact with the intraoral tissues
occurs in the in vivo situations. In fact, standard treatment for dental malocclusion may
last for approximately 2 years. Moreover, the cleansing effect of saliva and the possible
uptake by oral micro-organisms may limit the cell exposure to metallic ions. On the other
hand, additional factors of the intraoral cavity, such as dynamic changes in chemical
composition, temperature, and pH, further enhanced by wear mechanisms (e.g., on the
bracket/archwire contact) and Microbiologically Induced Corrosion (MIC), can increase
metal release from fixed appliances. Nonetheless, the current study showed that the
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biocompatibility of medical-grade SS alloys can be further enhanced by using surface
functionalization strategies, such as coating with a-C:H-based materials.

Finally, the present research revealed that both the metal release and cell viability do
not follow the good results regarding the superior bacterial inhibition properties of coatings
with an N-doping level of ~6 at.% [13].

4. Conclusions

In this study, hydrogenated amorphous carbon coatings were successfully modified
by nitrogen addition, via reactive magnetron sputtering. Two N doping contents of 6 and
9 at.% were attained.

These low doping levels (<10 at.%) should be an improvement of the coated 316L
stainless steel corrosion behavior. Indeed, no microstructural changes, detachments and/or
cracking of the coatings were observed upon the 30-day acidic immersion test. The most
effective protecting behavior of the SS alloys was found for the undoped CH_ON film,
according to the lowest metal release rates obtained.

The cell viability test results showed that all coated samples were biocompatible, since
their medians exceeded the 70% level regarding the control. The good biocompatibility
of the medical grade 316L SS was further enhanced upon surface modification via carbon
materials deposition, with or without N addition.

These findings reinforce the need for simultaneously assessing both the physiochemi-
cal and biological properties of materials intended to be used in the medical field.
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