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Fe and C additions decrease the dissolution rate of
silicon nitride coatings and are compatible with
microglial viability in 3D collagen hydrogels+
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Silicon nitride (SiN) coatings may reduce unwanted release of metal ions from metallic implants. However,
as SiN slowly dissolves in aqueous solutions, additives that reduce this dissolution rate would likely
increase the lifetime and functionality of implants. Adding iron (Fe) and carbon (C) permits tuning of the
SiN coatings’ mechanical properties, but their effect on SiN dissolution rates, and their capacity to reduce
metal ion release from metallic implant substrates, have yet to be investigated. Such coatings have
recently been proposed for use in spinal implants; therefore, it is relevant to assess their impact on the
viability of cells expected at the implant site, such as microglia, the resident macrophages of the central
nervous system (CNS). To study the effects of Fe and C on the dissolution rate of SiN coatings, compo-
sitional gradients of Si, Fe and C in combination with N were generated by physical vapor deposition onto
CoCrMo discs. Differences in composition did not affect the surface roughness or the release of Si, Fe or
Co ions (the latter from the CoCrMo substrate). Adding Fe and C reduced ion release compared to a SiN
reference coating, which was attributed to altered reactivity due to an increase in the fraction of stabilizing
Si—C or Fe—C bonds. Extracts from the SiN coatings containing Fe and C were compatible with microglial
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viability in 2D cultures and 3D collagen hydrogels, to a similar degree as CoCrMo and SiN coated CoCrMo
reference extracts. As Fe and C reduced the dissolution rate of SiN-coatings and did not compromise
microglial viability, the capacity of these additives to extend the lifetime and functionality of SiN-coated

rsc.li/biomaterials-science metallic implants warrants further investigation.

Introduction

The release of metal ions and debris from metallic implants in
the body can give rise to a localized adverse reaction to metal
debris (ARMD)." These reactions include metallosis (metal poi-
soning) and aseptic lymphocytic vasculitis associated lesions
(ALVAL), which can limit the implant’s lifetime.””> These con-
ditions have been studied for metal-on-metal joint replace-
ments, but it has also been observed in other metallic
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implants, such as spinal instrumentation,® which is of particu-
lar concern due to their proximity to the spinal cord and
spinal nerves. Although spinal implants are not in direct
contact with the central nervous system, metallic wear particles
may diffuse into tissues surrounding the implant site. For
example, such particles can disrupt the structural integrity of
the meninges leading to adverse effects.®® A specific mecha-
nism of metallosis has not been identified, but likely involves
a hypersensitivity reaction that results in inflammation and
pain. Such symptoms could require revision surgeries and sub-
stantially reduce the patient’s quality of life.”*°

In efforts to reduce the generation of wear particles and the
release of ions, metallic knee implants have been covered with
ceramic coatings.'™* SiN has been proposed as an alternative
coating material due to its capacity to reduce wear and ion
release from metallic substrates, while also possessing bacter-
iostatic properties."”>™® SiN undergoes hydrolysis when
exposed to aqueous environments, leading to its slow dis-
solution, which releases biocompatible ions.'*>® The solubi-
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lity of any wear particles into biocompatible ions may indeed
reduce the risk of adverse immune responses. On the other
hand, a too high dissolution rate limits the life time of the
coating. Therefore, it is relevant to investigate possibilities of
decreasing the coatings’ dissolution rate, while maintaining
their biocompatibility.

The dissolution rate of SiN coatings may be optimised by
alloying with Cr and Nb;*” however, concerns remain regard-
ing the biocompatibility of these elements.*® Alloying with bio-
compatible elements such as Fe and C could also alter the dis-
solution rate, and SiN coatings alloyed with C result in Si
bonding to C, which alters the binding energy.>' Fe has
similar potential while being biocompatible.*** In a previous
study,®® we found that addition of Fe reduced the hardness
and elastic modulus of the coating, while not affecting the
surface roughness or coating morphology. This is potentially
beneficial for adhesion of the coating to the metallic substrate.
In addition, the coatings were compatible with pre-osteoblastic
cells (MC3T3) viability in a direct contact in vitro test. However,
as those coatings were deposited on Si wafers, their ability to
reduce metal ion release from a metallic substrate was not
investigated, nor was their effect on dissolution behaviour.
Furthermore, as these coatings have been considered for use
in spinal implants, their effect on cell-types in close proximity
to the implant site are of great interest. Here microglia cells
were chosen as they are the resident macrophages (immune
cells) of the CNS and represent the first line of defense against
pathogens and other toxic insults. While the traditional
manner of studying cell responses in vitro in 2D monolayer cul-
tures can provide valuable information, key characteristics of
the physiological environment are not readily recapitulated.’”
3D culture models, in which cells are cultured in hydrogels,
better reproduce their spatial arrangement and provides extra-
cellular matrix interaction sites. This permits investigation of
cellular responses in more complex environments, which may
better model the in vivo situation. Therefore, this study aimed
to investigate the dissolution behaviour of SiN coatings with
Fe and C as additives, and the viability of microglia exposed to
their liquid extracts in 2D and 3D culture models.
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Materials and methods
Coating deposition

Coatings of Si, N, Fe and C were deposited onto Si wafers
(University Wafer Inc, MA, United States) and on a metallic
relevant substrate, cobalt chromium molybdenum discs
(CoCrMo, Peter Brehm GmbH, Germany), using a physical
vapour deposition technique built in house.*® The source
material of Si, Fe and C were in the form of solid targets with a
purity of 99.99% (ScoTech, Scotland, United Kingdom), while N
was introduced as a reactive gas alongside the sputtering argon
gas. Prior to deposition the chamber had a base pressure of
10~° Torr and during deposition the gases were supplied at a
flow of 10.00 sccm and 3.00 sccm, for Ar and N respectively, to
achieve a deposition pressure of 3 x 10~° Torr. The Si, Fe and C
targets were positioned at an angle of 45° to the substrate
normal direction in order to achieve compositional gradients.*®
The substrates, nine CoCrMo discs, were placed in a 3 x 3 grid
(Fig. 1a). This resulted in the intended gradients, where each
sample had a different chemical composition. The deposition
on individual discs enabled further characterization according
to the study aims. The SiN reference coatings were deposited
using the same parameters without the Fe and C targets.

Material characterization

The composition was obtained by X-ray photoelectron spec-
troscopy (XPS, Quantera II, Physical Electronics, USA) using a
monochromatic Al-Ka source. Measurements were taken at the
surface, after 3 min of sputtering at 200 V, and after an
additional 15 minutes of sputtering at 200 V with Ar" ions.
Core level spectra were evaluated after Shirley type background
corrections with the software CasaXPS.

The surface roughness was evaluated by vertical scanning
interferometry (VSI, NexView, ZYGO, Berwin, PA, USA) in 5
spots on the sample using 10x objective and 1x zoom.

In addition, the surface was imaged by scanning electron
microscopy (SEM, Merlin, Zeiss, Germany) at a voltage of 1 kV
and a current of 80 pA. The thickness of the coating was evalu-
ated by assessing focused ion beam (FIB) cross-sections in the
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Fig. 1 A schematic illustration (a) of the sample placement in relation to the targets during deposition and the 9 resulting samples. The samples
were mounted in a set-up (b) with wells that were filled with medium and 1% penicillin streptomycin, which allowed for isolated spots to be exposed
to the liquid. After 14 days the leach was used to evaluate ion release. (c) Cytotoxicity was evaluated in a 2D cell culture assay with microglia (C8-B4)

cells exposed to sample extracts from the various coatings.
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SEM (FEI Versa 3D dual beam, FEI Company, Eindhoven,
Netherlands). A thin layer of platinum was deposited over the
site of interest to avoid any potential damage to the coating
from the ion beam. Trenches around the site were milled
using Ga" ions at 30 kV for rough milling (5000 nA) and polish-
ing (300 nA). The samples were analyzed with an Everhart-
Thornley detector at an acceleration voltage of 5 kV and
current of 8 nA. Five regions of interest were evaluated per
sample before and after the dissolution test.

Dissolution tests

The coatings were exposed to a solution of DMEM cell media
and 1% penicillin streptomycin in a custom-made device
(Fig. 1b).>” The device allowed for isolating spots with an area of
78.5 mm? (cylindrical wells with 8 mm diameter) on the sample
to be exposed to the solution. To avoid potential contamination,
FBS was not added to the solution during the exposure phase.
In addition, prior to incubation with the cell media the device
was autoclaved and the sample sterilized by immersion in 70%
isopropanol for 10 minutes. The wells were then filled with 4 ml
of solution (surface area to extraction volume ratio 0.47 cm?
mL™") and incubated at 37 °C and 5% CO, for 14 days.

After 14 days the solution was collected and investigated in
inductively coupled plasma optical emission spectrometry
(ICP-OES PekinElmer, Avio 200) to measure the concentration
of released Fe, Co and Si ions. To avoid Si contamination from
glassware extract handling was done with plastic utensils.

Afterwards, the samples were rinsed under deionized water
followed by sonication for 10 min in deionized water, 10 min
in 0.02% (v/v) detergent and 10 min in 70% (v/v) ethanol. In
between each sonication the samples were rinsed in deionized
water and finally the samples were dried using pressurized air.

View Article Online

Biomaterials Science

Indirect cytotoxicity tests

Our previous study with SiFeCN coatings gave positive indi-
cations of biocompatibility using pre-osteoblastic cells*® and
subsequently the in vitro study on the microglial cells was pro-
ceeded to.

Mouse microglia cells C8-B4 (ATCC® CRL-2540) were cul-
tured in Dulbecco modified Eagle’s medium (DMEM) (ATCC
30-2002) supplemented with 10% fetal bovine serum (FBS,
Gibco™ 26140079) and 1% penicillin/streptomycin (Sigma-
Aldrich P433), incubated at 37 °C and 5% CO, and passaged
upon reaching 70% confluency every 7 days.

Cytotoxicity of the SiFeCN coated samples, a reference SiN
coating and CoCrMo controls was evaluated by testing leach
extracts from the dissolution tests using the tetrazolium dye
MTT, which reports on cell viability as a product of metabolic
activity. C8-B4 cells were seeded in 96 well plates at a cell
density of 10000 cells per well and incubated for 24 hours,
after which the media was replaced with extracts. Samples
were evaluated in triplicates. The obtained extracts were
diluted (1:32, 1:48, 1:64 and 1: 80) and the cell viability was
assessed on days 1, 2 and 3 after the cells were exposed to the
extracts. Culture media served as untreated control, and 50%
DMSO served as positive control. The absorbance of each
extract was normalized to the untreated control. Data are pre-
sented as the mean + standard deviation of at least three inde-
pendent experimental replicates. Extracts presenting viability
below 70% were considered cytotoxic.*”

A 3-dimensional culture was also prepared, where C8-B4
cells were seeded at 2 x 10° cells per ml into collagen gels. The
collagen gels were prepared by adding 17% v/v cell suspension
in supplemented DMEM, 33% v/v collagen (rat tail type 1 col-
lagen, Gibco, 3 mg ml™" - A10483-01) and 50% v/v sup-
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Fig. 2 The composition in at% obtained with XPS; the Si, C and Fe gradients are as expected based on the target placement during deposition,

while N and O did not exhibit any trends.
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plemented DMEM on ice. The reagents were gently mixed to
evenly distribute cells throughout the gel, and the acidified
collagen was neutralised using sodium hydroxide, confirmed
by the yellow to pink colour change of the phenol red indicator
in the DMEM media. 50 pL collagen gels containing cells were
seeded into 18-well chamber coverslips (IBIDI p-Slide 18 well -
81817) and incubated for 20 minutes at 37 °C and 5% CO, to
permit collagen polymerization. Subsequently 80 uL of sup-
plemented (10% FBS) DMEM were added to each gel, which
were incubated in a cell culture incubator for 24 hours.
Thereafter, the media was replaced with extracts diluted 1: 64
(n = 3). 80% DMSO served as positive control. Cell viability was
assessed after 1 and 3 days using a live/dead cytotoxicity kit for
mammalian cells (Invitrogen™ L3224), which consists of
green-fluorescent calcein-AM to detect intracellular esterase
activity and red-fluorescent ethidium homodimer (EthD),
which binds to DNA in cells with impaired plasma membrane
integrity. Live/dead stained microglia in hydrogels exposed for
1 and 3 days were imaged at 3 locations using confocal laser
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scanning microscopy (CLSM) (Leica, SP8) using the 10x objec-
tive lens to take Z-stacks images with an optical section thick-
ness of 4.2 pm, to produce a total of 36 stacks. Living cells are
presented in green and dead cells in magenta.

Image analysis of live/dead stained microglia in 3D collagen
hydrogels

To quantify cell viability in each condition following extract
exposure the confocal z-stack images of calcein-AM/EthD
stained microglia were analysed using the Fiji version of the
image analysis software Image]."* A 2D representation of the
calcein-AM/EthD stained image stacks was prepared using the
maximum intensity projection function. A copy of this projec-
tion, combining the calcein-AM and EthD fluorescence signals
into a single channel, was prepared and processed using the
rolling ball background subtraction and despeckle functions.
A signal threshold was set and applied to generate a binary
image, and adjacent cells with overlapping signals were deli-
neated using the watershed function. Particle analysis was
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Fig. 3 XPS spectra of the native samples. A survey spectrum (a) reveals the expected peaks; Si, N, O, Fe and C for the coatings, Si, N and O for the

SiN reference coating and Cr, Co and Mo for the CoCrMo reference. Ele
coatings.
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applied to identify cells as individual regions of interest (ROI),
which were recorded in the ROI manager. These ROIs were
then overlaid on the separate calcein-AM and EthD channels
and the mean fluorescence from each stain in each ROI was
recorded. The relative calcein-AM and EthD fluorescence per
cell was calculated as a percentage of the total cell fluo-
rescence. An arbitrary live/dead inclusion cutoff was estab-
lished based on analysis of the median calcein-AM signal
(approx. 65% of total cell fluorescence) from cells treated 1 day
with culture medium, and the median EthD signal (approx.
65% of total cell fluorescence) in cells treated 1 day with
DMSO. The percentage of live cells for each condition’s repli-
cates were presented as scatterplots.

Statistical analysis

The statistical analysis was performed using IBM SPSS
Statistics, version 28 (IBM Corp., Armonk, N.Y., USA). Cell
studies were analyzed using a Kruskal-Wallis nonparametric
test and differences between groups were determined with

a)
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Dunn’s-Bonferroni post hoc analysis. A p-value <0.05 was con-
sidered indicative of statistical significance.

Results
Material characterization

The composition of the SiFeCN coatings, determined using
XPS, revealed expected gradients of Si ranging from 35.0 at%
to 47.3 at%, Fe from 1.4 at% to 9.3 at% and C from 4.5 at% to
13.9 at% (Fig. 2). Notably, there was also a difference in N
content (39.6 at% to 43.9 at%) despite N being supplied as a
gas and hence the availability was expected to be the same
regardless of position. In a similar manner there was a differ-
ence in O contaminations (2.1 at% to 5.1 at%).

A detailed examination of the XPS spectra for the deposited
coatings (native) (Fig. 3) reveal the expected peaks. The survey
spectra for the coatings all have peaks indicating the presence
of Si, N, Fe, C and O, while the spectrum for the SiN reference
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Fig. 4 XPS spectra of the exposed samples to cell media. The survey spectra (a) of the coatings now have a Ca peak in addition to the peaks attribu-
ted to the coating. The individual spectra (b—d) show less pronounced peaks for Si and N for the SiFeCN coatings and a shift of the O peak in the SiN

coating (d) compared with the native sample.
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has no Fe peak. The element spectra include a Si peak at 102
eV for the SiFeCN coatings, which is attributed to Si-N.
Previous studies have found the Si-N contribution at 102.7
eV.*>! Further, the N peak was located at 398 eV, which is con-
sistent with Si-N.*>' The O peak for the SiN samples is located
at 532.2 eV, which is consistent with Si0,.*' The O peak for the
SiFeCN coatings is wider and likely have several contributions,
including Fe-O (530.5 eV (ref. 41)). Following dissolution in
cell media the survey spectra for the exposed coatings exhibi-
ted a Ca contribution (Fig. 4). This was not observed in the SiN
coating or the CoCrMo reference. Furthermore, there was a
shift of the O peak for the SiN reference coating (from 532.2
eV to 532.85 eV) that was not observed for the SiFeCN coatings,
which is probably due to a contribution of silanol groups (Si-
OH) at 533.7 eV.*

After deposition the coating had a low surface roughness
(Fig. 5: S, ranging from 7.36 + 0.95 nm to 11.08 + 3.94 nm, S,
from 11.24 + 3.07 nm to 15.29 + 6.23 nm and S, from 519 +
171 nm to 948 + 1063 nm) similar to the reference materials
(CoCrMo with an S, of 7.94 + 1.10 nm, S, of 10.97 + 1.75 nm
and S, of 412 + 194 nm and SiN with S, of 7.97 + 0.71 nm, S,
of 11.74 + 3.27 nm and S, of 613 + 573 nm, Fig. 5).

Dissolution

Post dissolution the surface of the exposed coatings revealed
evidence of increased porosity (Fig. 6). The surface of the
CoCrMo reference exhibited little to no corrosion upon visual
inspection. In contrast, the SiN reference coating revealed a
profound change in surface appearance after just 14 days of
dissolution. When examining the SiFeCN coating surfaces
before (native) and after (exposed) dissolution, coatings with
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Fig. 5 Surface roughness parameters for coatings with varying Si
content (mean + standard deviation). The roughness of the references
(CoCrMo and SiN) are depicted as lines.
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lower Si content (35.0 at%, 36.4 at% and 38.3 at%) revealed
fewer changes to their surface appearance when compared to
coatings with higher Si content (43.4 at%, 46.5 at% and 47.3
at%). The coatings with lower Si content had higher Fe or C
content;

- point 3 (Si: 35.0 at%, Fe: 8.8 at%, C: 13.9 at%, N: 39.6 at%
and O: 2.7 at%),

- point 6 (Si: 36.4 at%, Fe: 7.0 at%, C: 7.8 at%, N: 43.9 at%
and O: 4.9 at%) and

- point 9 (Si: 38.3 at%, Fe: 9.3 at%, C: 5.7 at%, N: 41.8 at%
and O: 4.9 at%)

compared with

- point 1 (Si: 43.44 at%, Fe: 1.86 at%, C: 8.15 at%, N: 43.53
at% and O: 3.01 at%),

- point 4 (Si: 46.46 at%, Fe: 2.01 at%, C: 6.85 at%, N: 40.93
at% and O: 3.74 at%) and

- point 7 (Si: 47.25 at%, Fe: 1.44 at%, C: 4.68 at%, N: 43.14
at% and O: 3.49 at%).

Cross-sections were used to determine thickness (Table 1)
and morphology of the native and exposed coatings (Fig. 7).
Three points, each with a different Si content (35.0 at% (point
3), 39.8 at% (point 5) and 47.3 at% (point 7)), and the refer-
ence SiN coating and CoCrMo controls were analysed. The
thinnest native sample was point 3 (427 nm) and the thickest
was point 7 (524 nm). The thickness of all three SiFeCN coat-
ings was greater than the SiN coating reference, which had a
thickness of 333 nm. Following exposure, the thinnest sample
was again point 3 (353 nm) and the thickest was again point 7
(434 nm), and the SiN coating reference was 216 nm thick. The
cross-section of point 7 (highest Si content) showed more
pores than point 3 (lowest Si content). The CoCrMo revealed
only a slight indication of dissolution while the SiN coating
reference revealed more irregularities, which were partially
filled with the platinum layer and exhibited more pores than
the SiFeCN coatings.

The dissolution rate was estimated based on the reduction
in thickness of the coating after 14 days in cell culture media.
The SiN coating reference thickness was reduced by 117 nm,
while the SiFeCN coatings were reduced by 73-95 nm.
Therefore, the dissolution rates of 5.2-6.8 nm per day calcu-
lated for the SiFeCN coatings were lower than the 8.3 nm per
day calculated for the SiN coating reference (Table 1).

The ion release measured in the extracts after 14 days
exposure had lower levels of Si from the SiFeCN coatings than
from the SiN reference (but higher than the CoCrMo reference)
(Fig. 8), in agreement with the FIB results. The detected levels
of Fe were higher in extracts from the SiFeCN coatings com-
pared to both references (CoCrMo and SiN coating), as
expected, and the levels of detected Co ions were reduced in
extracts from the SiFeCN coatings and SiN reference coating
compared to the CoCrMo reference. The latter indicates a
general ability of the coatings to reduce the levels of metal ion
release from the underlying substrate, while the ICP results
revealed no significant difference in degree of ion release
between the different compositions of the SiFeCN coatings

(Fig. 8).
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Table 1 Chemical composition, thickness, thickness reduction and dissolution rate obtained from the FIB cross-sections

Point/ Si Fe C N (¢] N/ Native thickness Thickness reduction Dissolution rate
sample (at%) (at%) (at%) (at%) (at%) Si (nm) (nm) (nm per day)

3 35.0 8.8 13.9 39.6 2.7 1.13 427 73 5.2

5 39.8 5.2 7.2 43.0 4.9 1.08 477 95 6.8

7 47.3 1.4 4.7 43.1 3.5 0.91 524 90 6.4

SiN ref. 51.3 — 1.0 36.7 11.0 0.72 333 117 8.3

Indirect cytotoxicity tests and 1:80 dilution) of extracts from the SiN coating and

CoCrMo reference controls, and two points of the SiFeCN coat-
A preliminary cytotoxicity study was conducted using microglia ings. Since CoCrMo and SiN are established biocompatible
exposed to a dilution series (1:1,1:8,1:16,1:32,1:48,1:64 materials, their extracts were used to define the necessary
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levels of dilution to assess the compatibility of the SiFeCN
coatings. The 1:64 dilution was chosen to compare all the
samples as it maintained sufficient cell viability to permit ana-
lysis of differences between the different extracts (see ESI,
Fig. S1f). The cytotoxicity of the coatings was evaluated by
exposing microglia for 1-3 days to cell media that had been in
contact with the coatings for 14 days. Fig. 9 shows the cell via-
bility in the presence of a 1:64 dilution of the different
SiFeCN coating extracts at 1: 64 dilution, where extracts from a
SiN coating and an uncoated CoCrMo substrate were used as
references. On day 1 (Fig. 9a) all the cultures including the
ones treated with extracts from CoCrMo and SiN coating
control showed mean viability levels above 80% of the
untreated controls. On day 2 (Fig. 9b) there was a slight
reduction in viability in all treatment conditions, which was
statistically significant for three of the SiFeCN extracts, but all
conditions yielded a mean viability of at least 70% compared
to untreated controls. By day 3 (Fig. 9c¢) viability in cultures
treated with the SiFeCN coating extracts were at a similar level

This journal is © The Royal Society of Chemistry 2023

to those seen at day 1 (81-96%), while those treated with
extracts from the CoCrMo or SiN reference controls were sig-
nificantly reduced (66%).

Microglial viability in 3D collagen hydrogels was assessed
using live/dead staining. The hydrogels were imaged by con-
focal microscopy and the percentage of live cells was deter-
mined by image analysis and compared between conditions
(details in materials and methods). Confocal z-stacks con-
firmed an even cell distribution throughout the hydrogels, and
the untreated and DMSO-treated controls were readily distin-
guished by the calcein-AM (live) and EthD (dead) staining
(Fig. 10a and b). Confocal images of the cultures treated with
the different extracts presented with comparable levels of
calcein-AM and EthD staining as observed in the untreated
control (see ESI, Fig. S27). On day 1 all the cultures exposed to
the different extracts had an average cell viability above 70%
(Fig. 10c), but only the extract from the CoCrMo reference
(95% viability) was significantly different (p < 0.05) than the
DMSO control. By day 3 (Fig. 10d) all cultures exposed to the

Biomater. Sci., 2023, 1, 3144-3158 | 3151
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coating extracts (including the SiN coating reference) had
higher levels of viability (90-94%) than day 1, while cultures
treated with the CoCrMo reference extract revealed a slight
decrease in viability (92%) compared to day 1. There was no
significant difference between the untreated control and any
of the tested conditions. Only extracts from the control refer-
ence materials and the SiFeCN coating with Si content 39.8
at% revealed viability that was statistically significantly higher
than the DMSO control, nonetheless all had mean viability
levels above 80%.

Discussion

Identifying biocompatible coating compositions that reduce
the release of metal ions and debris from metal implants will
reduce the risk of various local and systemic adverse reactions
to implants that have been observed in patients. In this study
the effects of adding Fe and C to a SiN coating, which covered
a CoCrMo substrate, was investigated. To efficiently evaluate
different compositions, combinatorial sputtering was used to
deposit coatings of compositional gradients onto the substrate
surface. Nine individual CoCrMo discs were arranged in 3 x
3 grid prior to deposition. As CoCrMo is among the most
common implant materials used in wearing surfaces,*’ it was
selected here to evaluate the capacity of different coatings to
reduce ion release from this underlying substrate. Implants
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composed of CoCr release Co ions, and systemic toxicity may
occur if Co ions enter circulation, from where they can nega-
tively impact e.g. the cardiovascular, respiratory, and nervous
systems.** Local toxicity can also occur if Co ions are deposited
in a specific tissue or organ, leading to damage and inflam-
mation.”® In addition, excessive exposure to Co ions can lead
to the development of pseudotumors and has been linked to
carcinogenicity.*® Therefore, strategies that mitigate the
release of Co ions from CoCrMo are of clinical significance.
While the SiFeCN coatings investigated here have been devel-
oped previously,*® their effectiveness in reducing ion release
from an underlying substrate and their impact on coating dis-
solution rates had not been evaluated. In addition, as one of
the intended applications would be to coat spinal implants, it
was relevant to determine their compatibility with cells
present in spinal tissues.

The range of the Si, Fe, and C gradients detected in the
coatings were similar to what we have previously reported.*®
However, we did not observe a correlation between the N and
Si content, which was previously attributed to Si bonding to N,
which may be due to differences in other element contents
present in the current study. C e.g. also has a certain affinity to
Si.*” The composition did not affect the surface roughness and
the native surfaces of the SiFeCN coatings had a low surface
roughness, with a cauliflower-like structure, which has pre-
viously been described.*® An increase in the Si content of the
coatings correlated with an increase in thickness, ranging
from 427-524 nm, in accordance with our previous study.*®
Following dissolution, the surfaces of high Si content (and
consequently low Fe content) coatings revealed a more
uniform increase in surface porosity compared to those with
low Si content, which appeared largely unchanged apart from
a limited number of narrow open pores. The cross-section
morphology supported these observations as more pores were
apparent post-dissolution in higher Si content coatings, and a
greater thickness reduction was observed in these coatings.
Notably, we observed localized dissolution of primarily the SiN
reference coating from the substrate (Fig. 7), which would pre-
sumably contribute to reduced implant functionality in a clini-
cal context.*®

We did not observe a correlation between the degree of Si
content in the coatings and their release of Si ions. However,
coatings containing Fe and C released less Si than the SiN
coating reference, indicating their positive effect on the coat-
ings’ dissolution rate. This was further supported by the thick-
ness reduction measurements, where the SiFeCN coatings
revealed less reduction than the SiN reference. An increase in
the N/Si ratio has previously been associated with a decreased
dissolution rate,” and similarly here the higher dissolution
rate of the SiN reference coating may in part be explained by
its N/Si ratio (0.7), which was lower than the N/Si ratios of the
SiFeCN coatings (>0.9). Additionally, the SiFeCN coating with
the lowest dissolution rate (Fig. 7) also had lower O and higher
Fe and C content, this may contribute to more Si-C bonds,
which are more stable than Si-O bonds, and likely reduce the
coatings reactivity. These data support previous findings where

This journal is © The Royal Society of Chemistry 2023
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is shown with the respective p-value. The threshold for cytotoxicity (70% viability of untreated control) is marked as a line in the graph.

Cr and Nb similarly reduced Si release from SiCrNbN coat-
ings.”” That data did however show a correlation of the ion
release to the composition, namely the Cr content, which
could be caused by the formation of a passivating oxide. The
XPS elemental peaks also revealed a shift in the O peak for the
exposed SiN coating, indicating a change in the bonding struc-
ture of the SiN coating that was not observed for the SiFeCN
coatings (Fig. 4). This was most likely due to the faster dis-
solution rate of the more reactive SiN coating, giving raise to
silanol groups on the surface. It has been reported that the
reaction of SiN in aqueous solutions forms SiO, that can sub-
sequently facilitate the formation of Si-OH groups.>>>"
Another interesting phenomenon was the detection of Ca post
dissolution for the SiFeCN coatings. This was not observed for
the CoCrMo or SiN coating reference, implying that the Ca
present in the cell media only precipitated or reacted with the
SiFeCN coatings. The implications of this reactivity in the
context of materials intended for use as bone implants should
be investigated further.

The duration of the extraction protocol (14 days) used to
condition cell culture media for the indirect cytotoxicity tests
was longer than that recommended in the ISO standard
10993,*° this was due to the detection limit of the ICP-OES
used to measure the ion release. Consequently, it was necess-
ary to compensate for this with a high dilution of the extracts,

This journal is © The Royal Society of Chemistry 2023

the 1:64 dilution was chosen based on the viability levels
obtained for CoCrMo and SiN reference controls over time. In
a previous study, a similar extraction duration was used and
required a 1:16 dilution of extracts before viability of fibro-
blasts was observed to be similar to untreated controls.>” The
microglia viability in 2D cultures exposed to a 1: 64 dilution of
extracts derived from the SiFeCN coatings was above 70% for
all compositions tested. Any differences in viability between
the samples proved not to be statistically significant, which
may in part reflect that there were no significant differences
between the degree of ion release from the SiFeCN coatings;
however, there was also a high degree of variability between
different experiments. There was a reduction in viability for
the SiN reference coating compared to SiFeCN coatings, which
may in part be explained by its higher dissolution rate, which
has been previously observed for SiCrNbN coatings.>” Other
studies have found that Si ions can promote proliferation of
cells, but an excessive Si concentration could be cytotoxic.>”
Previous studies using adipose derived stem cells indicate
that Fe extracts are cytocompatible, but Fe is also an activator
of microglia, enhancing the release of pro-inflammatory cyto-
kines and playing an important role in several neurodegenera-
tive pathologies e.g. Alzheimer’s disease and Parkinson’s
disease.>*° Therefore, it was interesting to note that the Fe
ion released from the SiFeCN coatings did not have a negative

Biomater. Sci, 2023, 11, 3144-3158 | 3153
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impact on microglia viability. CoCrMo extracts did adversely
affect microglia viability, which could be attributed to high
levels of Co ions, and this detrimental effect of CoCr wear par-
ticles and ions on glial viability has previously been reported.””
Cobalt ions can exhibit cytotoxicity in vitro by interfering with
intracellular processes and damage cell membranes, leading
to cell death. This cytotoxicity has been observed in various
cell types, including human cell lines and primary cells.>”>®
Nonetheless, since CoCrMo is an established material used in
spinal implants, obtaining a comparable cell viability with the
extracts from the SiFeCN coatings is considered a promising
result, indicating that further evaluation of these materials is
warranted.

Microglia viability in 3D collagen hydrogels was above 70%
for all of the extracts tested, with no significant viability differ-
ences observed between the different extracts, which supports
the results from the 2D cultures. In addition, there was no sig-
nificant difference between any of the tested conditions with
the untreated control in 3D. However, higher concentrations of
DMSO were required to establish robust cell death in the 3D
cultures compared to the experiments in 2D. Notably, in the
3D cultures CoCrMo extracts did not have an adverse effect on
cell viability, which was in contrast to the decreased viability
observed in 2D culture. A previous study reported no adverse
effects on glial cells cultured with CoCr ions after 2 days;
however, after 5 days viability decreased for one of the ion con-
centrations tested.>® Further studies will be necessary to

3154 | Biomater. Sci, 2023, 1, 3144-3158

explore longer term effects of exposure to these coating
extracts; however, in this study similar durations were main-
tained in the 2D and 3D experiments to facilitate comparisons
between conditions, and after three days in 2D culture the
microglia had reached confluence, limiting the possibility for
comparisons at later time-points. Furthermore, in the 3D
culture the cells showed an apparent increase in viability over
time for almost all the tested conditions (i.e. there was a
greater percentage of live cells at day 3 compared to day 1). In
contrast, the opposite was observed for 2D culture with lower
cell viability on day 3 compared to day 1 for almost all con-
ditions tested. Several explanations for these apparent differ-
ences exist; for example, the relative surface area for cell
growth is greater on the 3D collagen matrix than in 2D so the
potential to observe proliferation is increased in the 3D
setting. The presence of the collagen matrix may also provide
support and adhesion sites that promote viability and reduce
the cells sensitivity to certain insults. Furthermore, the col-
lagen matrix may also interact with, or limit the diffusion of
cytotoxic ions in the extracts, and in doing so reduce the cells’
exposure to these. Microglia may also proliferate in response
to pro-inflammatory stimuli so an increase in viability may
reflect an activation state. Different effects for similar treat-
ments have previously been reported between 2D and 3D cul-
tures, and while 2D culture models may over-estimate adverse
effects *7°>" they are a well-established, and relatively cost-
effective model system, while 3D cultures permit the potential

This journal is © The Royal Society of Chemistry 2023
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influence of extracellular matrix models to be investigated.
Finally, as both the MTT assay (used in the 2D culture) and the
calcein-AM fluorescence (used in the 3D culture) report on via-
bility as a product of metabolic and enzymatic (esterase)
activity, any treatments that alter this cellular activity will also
alter the apparent cell viability, so interpretations and direct
comparisons should be cautiously considered.

While combinatorial investigations allow for -efficient
screening, they also come with challenges. The compositional
gradients in this study extend in two directions (Fig. 1a),
which means the investigated area should be limited, and not
cover a range of compositions for each investigation. While
areas of different sizes were investigated for different tech-
niques, the composition of each sample was assumed to be
uniform, which could be considered a limitation of the study;
for example, ICP extracts were retrieved from an area of
50.3 mm?, and the XPS used a spot size with a diameter of
100 pm. Thus, the composition will vary over the surface from
which extracts for ICP are obtained and possible small differ-
ences in the investigated area will not be detected. This illus-
trates the possibility to efficiently screen a range of compo-
sitions, but also a need for further investigations. Future work
should include tribocorrosive studies on homogenous coatings
and long-term dissolution investigations. Further cell investi-
gations will be necessary to assess potential genotoxic effects
and to determine the inflammatory state of microglial cells
exposed to coating extracts, which could in turn have paracrine
effects on neighbouring astrocytes and neurons, which would
likely be best evaluated in an in vivo study.

Conclusions

The aims of this study were to investigate the dissolution
behaviour and cytotoxicity of SiFeCN coatings, in particular for
potential future use in spinal applications. The incorporation
of Fe and C into SiN coatings reduced the coatings’ dissolution
rate, and microglia cell viability in 2D and 3D cultures was
similar for these SiFeCN coatings as for the clinically relevant
CoCrMo reference material, and a SiN coating control. Further
investigations are thus merited to explore the potential viabi-
lity of SiFeCN coatings for future spinal implants.
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