journal of the mechanical behavior of biomedical materials 103 (2020) 103557

Contents lists available at ScienceDirect

Journal of the Mechanical Behavior of Biomedical Materials
journal homepage: http://www.elsevier.com/locate/jmbbm

3D-additive deposition of an antibacterial and osteogenic silicon nitride
coating on orthopaedic titanium substrate
Matteo Zanocco a, b, Francesco Boschetto a, b, Wenliang Zhu a, Elia Marin a, c, Bryan J. McEntire d,
B. Sonny Bal d, Tetsuya Adachi c, Toshiro Yamamoto c, Narisato Kanamura c, Eriko Ohgitani b,
Kengo Yamamoto e, Osam Mazda b, Giuseppe Pezzotti a, b, e, f, *
a

Ceramic Physics Laboratory, Kyoto Institute of Technology, Sakyo-ku, Matsugasaki, Kyoto, 606-8585, Japan
Department of Immunology, Graduate School of Medical Science, Kyoto Prefectural University of Medicine, Kamigyo-ku, 465 Kajii-cho, Kyoto, 602-8566, Japan
Department of Dental Medicine, Graduate School of Medical Science, Kyoto Prefectural University of Medicine, Kamigyo-ku, Kyoto, 602-8566, Japan
d
SINTX Technologies Corporation, 1885 West 2100 South, Salt Lake City, UT, 84119, USA
e
Department of Orthopedic Surgery, Tokyo Medical University, 6-7-1 Nishi-Shinjuku, Shinjuku-ku, 160-0023, Tokyo, Japan
f
The Center for Advanced Medical Engineering and Informatics, Osaka University, 2-2 Yamadaoka, Suita, Osaka, 565-0854, Japan
b
c

A B S T R A C T

A 3D-additive manufacturing approach produced a dense Si3N4 ceramic coating on a biomedical grade commercially pure titanium (cp-Ti) substrate by an automatic
laser-sintering procedure. Si3N4 coatings could be prepared with thicknesses from the single to the tens of microns. A coating thickness, t ¼ 15 � 5 μm, was selected
for this study, based on projections of homogeneity and scratching resistance. The Si3N4 coating met the 20 N threshold required for biomaterial applications,
according to the standard scratch testing (ASTM C1624-05). The Si3N4 coating imparted both the antibacterial and osteogenic properties of bulk Si3N4 to the cp-Ti
substrate. Both properties were comparable to those previously described for bulk Si3N4 biomedical implants. The newly developed Si3N4-coating was applied to
commercially available Ti-alloy acetabular shells for total hip arthroplasty. A “glowing” test based on luciferase gene transformation was applied to visualize the
colonization of gram-negative Escherichia coli on Si3N4-coated and uncoated Ti-alloy acetabular shells. The results showed that the coating technology conferred
resistance to Staphylococcus epidermidis and Escherichia coli adhesion onto the bulk acetabular sockets.

1. Introduction
In prosthetic joint replacement, most notably total hip and knee re
placements, osseous fixation of implants through direct bone ingrowth
(i.e., cementless fixation) is preferred, usually with a layer of porous
Ti6Al4V alloy (referred to as Ti-alloy, henceforth) (Karuppal, 2016).
Mechanical fixation through a scratch-fit avoids implant micromotion,
while host bone gains ingrowth into the porous Ti-alloy layer to achieve
long-term durable implant stability (Wang et al., 2013). Various en
hancements to the porous surface configuration of Ti-alloy, including
3D-printing methods (Homsy et al., 1972), have been described to
promote implant osteointegration (Karuppal, 2016; Marin et al., 2010).
A pore size of 50–400 μm is considered optimal for bone ingrowth
(Anselme, 2000). Reliable, long-term implant fixation by direct bone
attachment to arthroplasty implants can be achieved with porous
Ti-alloy (Hailer et al., 2010).
From a chemical standpoint, an nm-sized passivation layer (mainly
titanium oxide) at the surface of Ti-alloy facilitates the adhesion of

osteoblasts, thereby promoting implant fixation to living bone. How
ever, the process is not always successful, if instead of bony fixation
fibrosis develops between the bone and implant surface. The resulting
micromotion can lead to pain and the release of toxic metallic ions at the
bone/implant interface (Marin et al., 2010; Chassot et al., 2004; Apostu
et al., 2018).
In addition to the failure of bone ingrowth into porous Ti-alloy,
periprosthetic infection can also lead to revision, i.e., repeat surgery in
joint replacements. The combined incidence from these mechanisms was
7–16%, according to Finnish and Danish registry data up to the 2001
(Puolakka et al., 2001; Lucht, 2000). Higher fractions (19–40%) have
been reported for patients with degenerative arthritis (depending on age
and sex), according to 2013–2017 data from the Canadian registry
(Canadian Institute for Health Information, 2018). Cementless fixation
may itself be protective against infection risk. The incidence of peri
prosthetic infections with cementless Ti-alloy implants after short-term
implantation was about half that for other types of implants, according
to the Norwegian Arthroplastic Registry for the period 1987–2003
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(Engesæter et al., 2006). The lack of cement in the total hip joint
construct may contribute to a decreased risk of infection (Engesæter
et al., 2006). One mechanism for this observation may be the passivation
layer on Ti-alloy that partly counteracts bacterial colonization.
Electron-hole pairs trapped at the surface layer of oxidized TiO2 have
strong reducing and oxidizing properties. Their reaction with H2O or
hydroxide ions generates hydroxyl radicals (OH) and superoxide ions
(O2) that attack polyunsaturated phospholipids in the bacterial mem
brane and catalyze site-specific damages in their DNA (Maness et al.,
1999; Hirakawa et al., 2004). Even with this inherent antibacterial
mechanism on Ti surfaces, periprosthetic infection remains a concern,
and is a leading cause of repeat surgery in joint replacement.
In sum, improvements to both the osteogenic capability of porous Tialloy, as well as its ability to resist bacterial adhesion are warranted in
order to reduce the incidence of failed cementless total hip and total
knee arthroplasty. Such improvements are particularly relevant with the
current emphasis on rapid recovery from surgery, faster return to
function, and outcome measures that influence surgeon/institutional
reimbursement, especially in the United States.
Our hypothesis was that multifunctional Si3N4 coating would
concurrently enhance osteogenesis and discourage bacterial adhesion
when applied to porous Ti-alloy. Recent work has shown that Si3N4
surfaces express reactive nitrogen species (RNS) that promote cell dif
ferentiation and osteogenesis (Pezzotti et al., 2016a, 2016b, 2017a,
2017b, Pezzotti, 2019), while resisting both gram-positive and
gram-negative bacteria (Pezzotti et al., 2016c, 2018). Bulk Si3N4 im
plants are used in spinal fusion surgery (Rambo, 2018; Smith et al.,
2018; Ball et al., 2017). The dual advantage of RNS in terms of pro
moting osteogenesis, while discouraging bacterial proliferation has been
shown in animal studies (Webster et al., 2012) and advanced spectro
scopic analyses on a retrieved human spinal implant have shed light on
the mechanism of enhanced osteogenesis of Si3N4 (Pezzotti et al., 2017c;
Pezzotti, 2019).
In this paper, we describe a novel method of depositing a micrometer
thick Si3N4 layer on anodized Ti-alloy using an automatic 3D-additive
laser-sintering procedure. We tested scratching resistance of this
coating and validated its osteogenic and antibacterial properties in vitro,
with uncoated Ti-alloy and bulk Si3N4 serving as negative and positive
controls, respectively. We demonstrated commercial feasibility of this
technology by applying the Si3N4 coating to commercially available Tialloy sockets, and testing their bacterial resistance in toto.

2. Experimental procedures
2.1. Si3N4-coating fabrication and characterizations
The starting micrometric powder used for laser-sintering the Si3N4
coating consisted of a 90 wt% fraction of β-Si3N4 (SINTX Co., Salt Lake
City, UT, USA) mixed with 6 wt% yttrium oxide (Y2O3, Grade C, H.C.
Starck, Munich, Germany) and 4 wt% aluminium oxide (Al2O3, SA8DBM, Baikowski/Malakoff, Charlotte, North Carolina) (McEntire et al.,
2016). We used a Vision LWI VERGO-Workstation equipped with a Nd:
YAG laser with a wavelength of 1064 nm (max pulse energy: 70 J, peak
power 17 kW, voltage range 160–500 V, pulse time 1–20 ms, spot size
250–2000 μm) to achieve densification of successive layers of Si3N4
powder placed on the water-wet surface of the Titanium substrate. The
apparatus operated under a constant flux of nitrogen gas flow in order to
limit Si3N4 decomposition and oxidation. The Nd:YAG laser was pulsed
with a spot size of 2 mm, driven by an applied voltage of 400 V, and with
a pulse time of 4 ms. The operation was repeated until obtaining a
continuous thickness, t ¼ 15 � 5 μm, over the entire surface of the Ti
tanium substrate. Squared 1 cm � 1 cm (0.5 cm thickness) samples
were used for all the experiments. The fabrication procedure of the Si3N4
coating is schematically depicted in Fig. 1.
Cross-section crystallographic analyses were performed into a scan
ning electron microscope (SEM) equipped with an ElectronBackscattered X-ray Diffraction (EBSD) detector. The microhardness
was then tested using a DUH-211S dynamic ultra-micro hardness tester
(Shimadzu) with a triangular diamond tip and maximum applied force
of 60 mN.
Scratch testing was performed on coated Titanium substrates ac
cording to the ASTM C1624-05 Standard (reapproved in 2010) using a
diamond stylus with a conical Rockwell geometry (included angle 120�
and tip radius equal to 200 μm). A progressively increasing vertical force
was applied from 0.5 up to 25 N.
The same procedure used for coating Ti-alloy substrates was applied
to coat in toto commercially available acetabular shells (G7® OsseoTi
Limited; Zimmer Biomet, Warsaw, IN, USA); uncoated components
served as controls (n ¼ 3 per group). The hip components were made of
Ti-alloy and possessed a porous surface morphology appropriated for
cementless socket fixation to the pelvis (i.e., with a pore size in the order
of 1 mm).
The surface morphology of the porous Ti-alloy acetabular shells
before and after laser Si3N4-coating was characterized with a confocal

Fig. 1. Schematic draft of the 3D-additive laser-sintering fabrication procedure proposed for producing a dense Si3N4 ceramic coating on Titanium substrate.
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scanning laser microscope (Laser Microscope 3D and Profile measure
ments, Keyence, VKx200 Series, Osaka, Japan) capable of highresolution optical images with depth selectivity. All images were
collected using 20x magnification. Scanning Electron Microscopy (SEM)
and Energy Dispersive X-ray Spectroscopy (EDS) (JSM-700 1F, JEOL,
Tokyo, Japan) were used to acquire high resolution images and chemical
composition maps of both cross-sections and top-surface of Si3N4-coated
substrates after scratch testing. Cross-sections were obtained by
diamond-blade cutting and successive fine polishing with diamond
paste.

fluorescence microscopy (BZ-X700; Keyence, Osaka, Japan). For visu
alization, bacteria were stained with two different solutions: (i) 40 ,6diamidino-2-phenylindole (DAPI) which binds to and stains DNA blue
thereby imaging the nucleus location; (ii) 5 (6)-carboxyfluorescein
diacetate (CFDA; Dojindo, Kumamoto, Japan); and, (iii) propidium io
dide (PI; Dojindo, Kumamoto, Japan). PI’s red color highlighted dead or
injured bacteria. Conversely, CFDA’s green color revealed living bacte
ria. The staining protocol consisted of adding 1 μL of DAPI, the PI so
lution, and 15 μL of CFDA solution to the samples, and then incubating
them for 5 min at 37 � C. After removing the buffer, the cells were
analyzed under the fluorescence microscope. Quantitative assessments
of the presence of living bacteria on the Si3N4 substrates were then
directly obtained from automatic image analyses of the above micro
graphs by using >12 different fluorescence micrographs for each sample
and n ¼ 3 samples for each exposure-time condition.
Escherichia coli (25922 ®ATCC™) (E. coli, henceforth) was cultured
at Kyoto Prefectural University of Medicine and the Dr. GENE 4: E. coli
Transformation Kit (Toyo Ink Co. LTD. 4, Tokyo, Japan) was used to
transform the vector (firefly luciferase gene) into E. coli cells. Previously
sterilized by UV, Si3N4-coated and uncoated Ti-alloy acetabular shells (n
¼ 3 each) were spread with the bacterial solution (1 � 108 CFU/mL) in
brain heart infusion (BHI) agar (Nissui, Tokyo, Japan) at 37 � C. Incu
bation at 37 � C under aerobic conditions lasted for 48 h and the shell
samples were successively subjected to luciferase firefly gene trans
formation. For doing so, a solution containing luciferin was added on the
top of the acetabular shell samples. Upon reaction among adenosine
triphosphate, Mg2þ, O2, and luciferase enzyme, a “glowing” chemilu
minescent signal could be captured by means of a CCD camera
(ImageQuant LAS 500; GE Healthcare, Chicago, IL, USA) on the
acetabular shell in toto, which revealed the presence of living bacteria.

2.2. Osteoconductivity test
SaOS-2 human osteosarcoma cells were cultured and incubated in
4.5 g/L glucose DMEM (D-glucose, L-Glutamine, Phenol Red, and So
dium Pyruvate; Nacalai Tesque, Kyoto, Japan) supplemented with 10%
fetal bovine serum. The cells were then allowed to proliferate within
petri dishes for about 24 h at 37 � C. After adjusting the final cell con
centration at 5 � 105 cell/ml, the cultured cells were deposited on the
surface of Si3N4-coated and uncoated Titanium substrates (n ¼ 3 each
type) previously sterilized by exposure to UV light. In osteoconductivity
tests, cell seeding was performed in an osteogenic medium, which
consisted of DMEM supplemented with about 50 μg/mL ascorbic acid,
10 mM β-glycerol phosphate, 100 mM hydrocortisone, and ~10% fetal
bovine calf serum. The samples were incubated up to 7 days at 37 � C.
The medium was changed twice during the week of incubation. Immu
nocytostaining was performed as the following. SaOS-2 were fixed with
4% paraformaldehyde for 15 min followed by 30 min incubation at
room temperature with the following primary antibodies: mouse antihuman Gla osteocalcin (TakaraBio, Kusatsu-shi, Japan) and rabbit
anti-human osteopontin (dilution ¼ 1:500) (IBL, Maebashi-Shi, Gunma,
Japan). The cells were then incubated with fluorescence conjugated and
secondary antibodies Goat anti-Mouse Antibody FITC Conjugated
(Bethyl Laboratories, Montgomery, TX, USA) and Goat anti-Rabbit
Antibody PE Conjugated and (1:200) (Thermo Fisher Scientific, Wal
tham, MA, USA). Cell nuclei were stained with stained with Hoechst
33342 (1:100) (Dojindo, Kumamoto-Shi, Japan). The staining was
observed under a fluorescent microscope (BZX710; Keyence, Osaka,
Japan). Confocal scanning laser microscopy images were obtained with
a 3D laser confocal microscope (OLS4000-SAT; Olympus Co., Tokyo,
Japan) in order to assess the volumetric amounts per unit area of bony
hydroxyapatite (Hap) produced by the SaOS-2 cells in one week. The
amounts of osteocalcin and osteopontin in the deposited bony tissue
were also estimated by direct pixel counting on fluorescence micro
graphs using automatic software.

2.4. Statistical analyses
Data relating to osteogenesis and antibacterial properties were
analyzed by calculating their mean value � one standard deviation. The
Student’s t-test was used to detect statistically significant differences
between data, p values < 0.01 being considered statistically significant
and labeled with two asterisks in the figures.
3. Experimental results
3.1. Structural, chemical, and mechanical characteristics of Si3N4 coating
Fig. 2 shows SEM/EDS analyses performed on the cross-section of a
Si3N4-coated Ti-alloy substrate. The average thickness of the coating was
t ¼ 15 � 5 μm. The main feature in the SEM micrograph (a) is the wavy
morphology of the ceramic/metal interface, which showed clear in
terlocks at the micrometer scale between metal and ceramic phases.
Some residual porosity could have been retained in the coating,
although it could not be directly observed neither by optical or by
scanning electron microscopy. The rough surface morphology mainly
arose from the inhomogeneous size of the silicon nitride powder (5 � 50
μm). EDS elemental analyses of N, Si, and Ti (in (b), (c) and (d),
respectively) revealed the presence of Nitrogen on both coating and
substrate, Si-rich areas in coating area and no diffusional transport of the
Ti element into the coating during laser sintering (the very weak Ti
contamination in the coating area is believed to be an artifact of the
cutting/polishing procedure applied to obtain the cross section). Un
luckily, the low detectability of Nitrogen and the surface morphology of
the coating make it impossible to quantify the amount of Nitrogen
diffused in the substrate and the amount that was retained by the
coating. However, it was clear that the treatment did not produce a TiN
layer. On the other hand, the absence of Ti-element in the chemical
composition of the coating shows that partial melting of the metallic
alloy under the laser beam took place only in the immediate neighbor
hood of its surface (and was responsible for the wavy interface

2.3. Antibacterial tests
Freeze-dried pellets of Staphylococcus epidermidis (ATCCTM 14990®)
(S. epidermidis, henceforth) were hydrated in heart infusion (HI) broth
(Nissui, Tokyo, Japan) and incubated at 37 � C for 18 h in brain heart
infusion (BHI) agar (Nissui). The mixture was subsequently assayed for
colony forming units (CFU) and diluted to a concentration of 1 � 108
CFU mL 1 using phosphate-buffered saline (PBS). An aliquot of 100 μL
of the bacterial suspension was spread onto individual BHI agar plates.
The Si3N4 substrate samples (previously UV-sterilized) were then placed
in contact with the agar for inoculation purposes, followed by incuba
tion at 37 � C under aerobic conditions for 24 and 48 h.
Cell viability was evaluated by a tetrazolium-based assay using the
Microbial Viability Assay Kit (WST-8; Dojindo). 24 and 48 h after
cultivation, substrates with Staphylococcus epidermidis were collected
and soaked in 1000 μL of PBS in 12-well plates. WST-8 solution was
added to each wells and OD values measured (the absorbance at 490 nm)
using plate reader EMax (molecular devices, San Jose, CA, USA) after
incubation for 30–60 min.
At each time point, the test and control samples were observed by
3
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Fig. 2. SEM observation (a) and EDS analyses of N (b), Si (c), and Ti (d) elements on the cross-section of a Si3N4-coated Titanium substrate. Note the wavy
morphology of the ceramic/metal interface with interlocks at the micrometer scale between.

morphology). A small area of relatively intense Titanium signal could be
observed on the top of the coating in Fig. 2 (d). This is caused by splashes
of molten titanium that occurred when the laser hit portions of substrate
not completely covered by ceramic powder.
Fig. 3 shows the EBSD images of the cross section of the titanium
samples coated with silicon nitride. Low magnification images, in Fig. 3
(a) and (b), show the grain structure and the orientation of the α-tita
nium phase down to about 200 μm in depth. As seen, during laser

treatment, the titanium grains were affected and distorted by the heat
treatment in the first 100 μm in depth, with the formation of crystal
twinning, in particular in the region between 100 and 150 μm. Beyond
150 μm in depth, the microstructure was unaffected by the laser treat
ment. Fig. 3(c) and (d) show an area close to the Si3N4 interface at higher
magnification. The titanium grains have an acicular shape with a pref
erential orientation orthogonal to the interface itself. The acicular re
gion is followed by an area of elongated grains with a size comparable to
the unaffected areas of Fig. 3(a) and (b). The black spot present on the
images are intermetallic phases of titanium and silicon, which could not
be identified by EBSD because of their wide range of stoichiometry.
Fig. 4 shows the micro hardness results as obtained on a cross section
of the sample. In particular, Fig. 4(a) shows three indentations per
formed at different distances from the interface with the coating. It can
be observed that the first indentation on the left is smaller when
compared with the other two, which have a similar size. Fig. 4(b) shows
the average microhardness of the sample in the coating as a function of
distance from the interface between coating and substrate. The micro
hardness of the coating could not be measures on the top surface due to
roughness and inhomogeneities. The average value shown in the plot of
Fig. 4(b) refers to measurements on the cross section. On the Titanium
substrate, the hardness near the coated surface was higher as compared
to the bulk material. This is mainly due to heating effect during the laserfabrication of the coating. Local heating produced smaller grain and
locally increased the hardness of the material.
Fig. 5(a) and (b) show low- and high-magnification SEM micro
graphs, respectively, taken on the top surface of the Si3N4 coating at the
location where scratch testing was (progressively from left to right)
applied with a load from 0 up to 25 N for a length about 1 mm. The
scratch exerted by the conical diamond stylus introduced plastic defor
mation on the surface of Si3N4 coating. However, neither microcracks
nor areas of spalling in the coating could be observed around the scratch,
which demonstrates the high strength of attachment of the coating to the
alloy substrate, thereby meeting the requirements of the ASTM
C1624-05 Standard (requiring resistance up to 20 N) for biomaterials’
applications. Elemental EDS analyses in Fig. 5(c), (d), and (e) show the
distributions at the scratch site of N, Si, and Ti elements, respectively.
The main feature in the EDS data was that no Ti contamination could be
seen inside the scratched area, thus demonstrating that the running

Fig. 3. Low (a) and (b), and high (c) and (d) magnification EBSD images taken
in the neighborhood of the interface between coating and Titanium substrate to
image size and orientation of the metal microstructure after laser treatment.
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software function available in the microscope) showed no statistically
meaningful difference between the amounts of bone tissue grown by
SaOS-2 cells on the Si3N4-coated alloy substrate and bulk Si3N4 under
exactly the same testing conditions. Conversely, the amount of bone
tissue grown on the Si3N4-coated Ti-alloy substrate was ~50% higher
than that deposited by cells on the uncoated Ti-alloy substrate (cf. Fig. 6
(a)). Regarding the morphology of bone tissue deposition on this latter
substrate, the SaOS-2 cells grew tissue only in very localized microscopic
areas (cf. Fig. 6(c) and (d)), in which the height of the deposited apatite
reached up to ~80 μm.
Additional experiments aimed at clarifying the composition of the
bone tissue deposited by cells revealed that the fractions of Glaosteocalcin and osteopontin (given as counts per unit area) greatly
differed between coated and uncoated substrates (cf. Fig. 6(b)). Fig. 6(g)
and (h) show merged fluorescence images of Gla-osteocalcin (green) and
osteopontin (red) as recorded for bone tissue grown on uncoated and
Si3N4-coated Ti-alloy substrates, respectively. These data show that the
bone tissue grown by cells on the uncoated Ti-alloy presented an un
balanced composition rich in osteopontin. Conversely, the bone tissue
deposited on the Si3N4-coated Ti-alloy was richer in Gla-osteocalcin,
with an osteocalcin/osteopontin balance resembling that of natural
bone. This consistency between laser microscopy and biological assay
data, shown in Fig. 6, substantiated the effect of the Si3N4 coating on Tialloy toward enhancing the osteogenic efficiency of human osteoblasts.

Fig. 4. Micro hardness indentation made on the cross section of the coating
sample: (a) indentations performed on the cross-section, and (b) average
hardness values as a function of distance from the interface between coating
and substrate.

3.3. Antibacterial properties of Si3N4 coating
Fig. 7(a) and (b) show data representing the metabolic responses of
Gram-positive S. epidermidis after exposure to uncoated and Si3N4coated Ti6Al4V-alloy substrates in terms of optical density and fraction
of dead bacteria, respectively. Cell viability data in (a), which are pre
sented at the exposure times of 24 and 48 h, showed the existence of a
larger population of bacteria on the uncoated substrate as compared to
the Si3N4-coated one. A statistically validated decreasing trend for the
bacterial population with time was detected on both substrates. How
ever, the decrease rate was clearly higher for the Si3N4-coated substrate.
Moreover, the fraction of dead bacteria at 48 h was negligible on the
uncoated substrates, while almost the totality of bacteria underwent
lysis on the Si3N4-coated substrates (Fig. 7(b)). DAPI (blue), CFDA
(green), PI (red), and DAPI/CFDA/PI-merged fluorescence micrographs
(taken at 48 h) clearly visualize the antibacterial performances of un
coated and Si3N4-coated substrates (in Fig. 7(c)~(f) and (g)~(j),
respectively). Optical density data (in Fig. 7(e)) provide a direct
assessment of the high efficacy of the Si3N4 coating in reducing bacterial
adhesion. On the other hand, the significant difference seen in the
density of red pixels (cf. Fig. 7(e) and (i) for uncoated and Si3N4-coated
substrates, respectively) proves that the Si3N4 coating induced lysis in

stylus did not reach the Ti-alloy layer at any load during testing. How
ever, some local spot of Titanium element seen in Fig. 5 on the top
surface of the coating likely arises from splashing of molten metal during
laser treatment in areas not completely covered by Si3N4 powder.
3.2. Osteoconductivity of Si3N4 coating
Fig. 6(a) compares the volumetric amounts of bone tissue per unit
area grown by SaOS-2 cells during 7 days of incubation as measured by
laser microscopy on uncoated and Si3N4-coated Ti6Al4V substrates, in
comparison with bulk Si3N4. In section (b) of the same figure, the
composition of the bone tissue was evaluated with respect to its Glaosteocalcin and osteopontin contents. Laser microscopy images for the
uncoated alloy (Fig. 6(c) and (d)) and Si3N4-coated alloy (Fig. 6(e) and
(f)) substrates are shown in planar and three-dimensional projections. A
nearly homogeneous layer of bony apatite formed on the Si3N4-coated
substrate, which reached a homogeneous layer of apatite profile with
maximum height of ~50 μm. The total amount of hydroxyapatite
(calculated over the entire substrate surface by exploiting an automatic

Fig. 5. Low (a) and high (b) magnification SEM micrographs taken at the site of a scratch test applied up to 25 N on the Si3N4-coated surface of Titanium substrate;
EDS analyses are given in (b) and (c) for Si, and Ti elements, respectively.
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Fig. 6. Plots of (a) volumes of hydroxyapatite deposited by SaOS-2 cells per unit substrate area and (b) of their amounts of Gla-osteocalcin and osteopontin on Si3N4coated and uncoated Titanium substrates (data statistically validated). Typical laser microscopy images that were employed in the volumetric laser-microscopy
assessments are given for uncoated Titanium-alloy (planar and three-dimensional views in (c) and (d), respectively) and for Si3N4-coated Titanium substrates
(planar and three-dimensional views in (e) and (f), respectively). In (g) and (h), merged fluorescence images of Gla-osteocalcin (green) and osteopontin (red) in bone
tissue grown on uncoated Titanium and Si3N4-coated Titanium substrates, respectively. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Gram-positive S. epidermidis. Note that some antibacterial effect
(although limited to a reduction in bacterial adhesion) was also found
for the uncoated Ti-alloy sample. This effect is well-known and has been
attributed to the presence of a TiO2 passivation layer at the surface of the
alloy (Kiwi et al., 2014; Vatansever et al., 2013). A rationale for the
observed difference in antibacterial efficacy (i.e., related to the different
chemical origins) between the Si3N4 coating and the TiO2 passivation
layer is addressed in the discussion section.

optimized for rapid bone ingrowth (Kim and Yoo, 2016; Yamada et al.,
2009; Epinette and Manley, 2008). The microstructures of uncoated and
Si3N4-coated acetabular shells are shown in the high-resolution optical
images of Fig. 8(c) and (d), respectively. The results of quantitative laser
microscopy assessments on the structure of the porous shell before and
after the Si3N4-coating procedure are shown in Fig. 8(e) and (f),
respectively. Critically, from a commercial standpoint, and, as shown in
these two latter figures (and from the related linear profiles shown at the
bottom of each figure), the Ti-alloy surface preserved its mm-sized
porous morphology even after deposition of the Si3N4 coating
(i.e., our method did not disturb the favorable surface morphology of the
convex, ingrowth surface of the cups).
Fig. 9(a) and (b) show the results of luciferin “glowing” experiments
on Gram-negative E. coli bacteria-contaminated uncoated and Si3N4coated Ti-alloy acetabular shells, respectively. The chemiluminescent
oxyluciferin luciferase signal (recorded at 48 h) shows the difference in
the degree of bacterial contamination between the acetabular shells in
toto: the uncoated one was bright with fluorescent bacteria, while the
coated one was essentially dark with a limited number of whitish spots.
Such spots corresponded to microscopic areas in which the coating was
not completely covering the internal side of the porosity (cf. the simi
larity in the whitish patterns of a poorly coated microscopic region and

3.4. Application of the Si3N4-coating method to commercially available
acetabular shells
In order to show the practical feasibility of our Si3N4 laser-deposition
technology, we applied it to a commercially available porous Ti-alloy
acetabular shell. The shells designed for cementless fixation to the
human pelvis during total hip replacement, were coated with Si3N4 on
their external, convex porous surface, which comes into direct contact
with host bone after implantation. Fig. 8(a) and (b) show an uncoated
and a Si3N4-coated acetabular shell, respectively. The coating procedure
and the laser-sintering conditions were the same as those described in
the previous sections. The selected Ti-alloy acetabular shells reflect a
commercially successful design, manufactured with porous Ti-alloy, and
6
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Fig. 7. Plots of (a) cell viability and (b) counts of dead/live Gram-positive S. epidermidis at 24 and 48 h for uncoated and Si3N4-coated Titanium substrates (data
statistically validated); DAPI (blue), CFDA (green), PI (red), and DAPI/CFDA/PI-merged fluorescence micrographs (taken at 48 h) for uncoated ((c)~(f)) and Si3N4coated substrates ((g)~(j)). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the microscopic bacterial enclaves in Fig. 9(c) and (d), respectively).
In sum, our work with commercially available acetabular shells not
only demonstrated the practical feasibility of the Si3N4-coating laser
technology on actual arthroplasty components, but also showed that the
Si3N4 coating discouraged bacterial adhesion and proliferation.

sustaining cell differentiation and proliferation (Geisseler et al., 2010).
Together with the leaching of orthosilicic acid and related compounds,
NHþ
4 promotes osteoblast synthesis of bone tissue (Olkku and Mahonen,
2008; Aminian et al., 2011), and stimulates collagen type 1 synthesis in
human osteoblasts (Aminian et al., 2011; Reffitt et al., 2003).
Conversely, highly volatile ammonia NH3 can freely penetrate the
external membrane and directly target the stability of DNA/RNA
structures in bacterial cells (Abumourad et al., 2012). The cellular
toxicity of ammonia has been widely reported in a variety of contexts
(Pezzotti, 2018; Marnett, 2000; Gerardi, 2006; Müller et al., 2006).
However, the release of unpaired electrons from the mitochondria in
eukaryotic cells activates a cascade of consecutive reactions, which
starts with NH3 oxidation into hydroxylamine NH2OH (ammonia mon
ooxygenase) along with an additional reductant contribution leading to
further oxidation into NO2 nitrite through a process of hydroxylamine
oxidoreductase (Pezzotti, 2018; Pacher et al., 2007; Arp and Stein, 2003;
Stein and Yung, 2003). This latter process involves nitric oxide NO
formation. The elution kinetics of such nitrogen species is slow but
continuous, thus providing long-term efficacy against bacterial colonies
including mutants (which, unlike eukaryotic cells, lack mitochondria).
However, when slowly delivered, NO radicals have been shown to act in
an efficient signaling pathway leading to enhanced differentiation and
osteogenic activity of human osteoblasts (Pezzotti, 2018; Olkku and

4. Discussion
4.1. The common origin of osteogenic and antibacterial properties
It is well known that RNS such as N2O, NO, and –OONO are well
known to be highly effective biocidal agents (Fang, 1997; Sulemankhil
et al., 2012; Seabra et al., 2016). A previous paper (Pezzotti, 2018)
described the unique surface chemistry of bulk Si3N4 in terms of its
capacity to be an exogenous NO donor. Spontaneous RNS elution from
Si3N4 may discourage surface bacterial adhesion and activity. Unlike
other direct eluting sources of exogenous NO, Si3N4 elutes mainly NHþ
4
and a small fraction of NH3 ions at physiological pH, because of surface
hydrolysis and homolytic cleavage of the Si–N covalent bond. Ammo
nium NHþ
4 can enter the cytoplasmic space of cells in controlled con
centrations and through specific transporters (Knepper et al., 1989;
Adeva et al., 2012), This ion is a nutrient used by cells to synthesize
building-block proteins for enzymes and genetic compounds, thus
7
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Fig. 8. Uncoated (a) and Si3N4-coated (b) Ti6Al4V acetabular shells specially designed with a porous surface for cementless hip arthroplasty; the microstructures of
the uncoated and Si3N4-coated acetabular shells are shown at higher magnification in (c) and (d), respectively, as visualized by laser microscopy. The results of
quantitative laser microscopy assessments on the structure of the porous structure of the shell before and after being coated with Si3N4 are shown in (e) and (f),
respectively.

Fig. 9. Results of luciferin “glowing” experiments (at 48 h) conducted on Gram-negative E. coli bacteria-contaminated (a) uncoated and (b) Si3N4-coated Ti6Al4V
acetabular shells. Observation of microscopic areas of incomplete coating are shown in (c) and (d).

Mahonen, 2008).
The Si3N4 coating showed concurrent osteogenic and antibacterial
behaviors similar to those observed in bulk Si3N4 bioceramic implants.
Fig. 10(a) and (b) schematically show the chemical interactions of
mesenchymal cells and bacteria with the Si3N4 substrate, respectively.
The present investigation shows that the dual behavior of the intrinsic
surface chemistry of bulk Si3N4 can be replicated on Ti-alloy with a
laser-deposited coating.

4.2. Comparison with other surface functionalization technologies
Other coating technologies have targeted antibacterial attributes in
arthroplasty implants, and a classification has been proposed, as follows
� et al., 2015): (i) Passive surface finishing or modification, in
(Romano
which passive coatings (i.e., not releasing bactericidal agents into the
surrounding tissues) simply prevent or reduce bacterial adhesion
through surface chemistry or structural modifications; (ii) Active surface
finishing or modification, in which active coatings feature
8
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Fig. 10. Schematic draft of (a) osteoblast and (b) bacteria interactions at the biomolecular interface with Si3N4: eukaryotic cells use NHþ
4 molecules as a nutrient
while being able to dissociate NH3 to ultimately produce NO and use it as a signal for osteoblastogenesis; conversely, NH3 is lethal to prokaryotic cells as it directly
attacks its DNA/RNA structures.

pharmacologically active pre-incorporated bactericidal agents; and, (iii)
Local carriers or coatings (biodegradable or not) that are applied at the
time of the surgical procedure around the sample.
The bactericidal effect of Ti-alloy relies on a surface passivation
layer, and thus falls into the above category (i) of “passive” coatings.
Ultraviolet light irradiation (Gallardo-Moreno et al., 2009; Yu et al.,
2003) and partial modification of the crystalline structure (from rutile
into anatase phase) of the TiO2 surface oxide layer (Del Curto et al.,
2005) can inhibit bacterial adhesion without compromising osteo
genesis on titanium alloy implants. Both are relevant to the acetabular
shells investigated in the present study, since the shells possessed a
fraction of anatase phase in their passivation layer, and were UV irra
diated for sterilization prior to bacterial testing.
The ability of the Ti-alloy passivation layer to resist bacterial adhe
sion is limited, and depends on the bacterial species and loads (Hetrick
and Schoenfisch, 2006). Moreover, the long-term effects on the osteo
genic behavior of host cells remains a point of concern due to the release
of metallic ions, as predicted by early in vitro studies (Thompson and
Puleo, 1996; Puleo and Huh, 1995), and demonstrated by fibrosis effects
observed in the periprosthetic tissue of osteolytic implants (Marin et al.,
2010; Chassot et al., 2004; Apostu et al., 2018), as well as by recently
reported adverse effects in dental implants (http://www.kokusen.go.
jp/, 2019). Our experiments confirmed the efficacy of the Ti-alloy
passivation layer against Gram-positive S. epidermidis but also a lesser
effectiveness against Gram-negative E coli (cf. Figs. 7 and 9). In addition,
Ti-alloy showed relatively poor in vitro osteoblast activity observed on
flat substrates and the quality parameter of the deposited bony tissue (cf.
Fig. 6).
Regarding the above category (ii), a number of different coatings
have been proposed that could release (pre-incorporated) pharmaco
logically active bactericidal agents, such as metallic ions (e.g., silver,
copper, or zinc) (Noda et al., 2009; Panacek et al., 2009; Wafa et al.,
2015; Hardes et al., 2010; Grass et al., 2011; Petrini et al., 2006;
Hodgkinson and Petris, 2012), non-metallic ions (e.g., iodine or sele
nium) (Tsuchiya et al., 2012; Holinka et al., 2013), and organic mole
cules (e.g., antibiotics, anti-infective peptides, and nitric oxide)
(Guillaume et al., 2012; Tang et al., 2012; Fuchs et al., 2011; Yount and
Yeaman, 2012a; Haney and Hancock, 2013; Holmberg et al., 2013;
Reger et al., 2017). The limiting factor in these approaches is related to
� et al.,
the cytotoxicity of released ions toward bone cells (Romano
2015). Coatings capable to release organic molecules such as antibiotics,
peptides, and nitric oxide may also be effective against a wide range of
pathogens (Yount and Yeaman, 2012b). However, this approach is
limited by the limited duration of efficacy and unpredictable elution
kinetics of the pharmacologically active agents (Wen et al., 2015). The

reliance on released doses of antibiotics also invokes concerns regarding
the possible induction of bacterial resistance.
Bacterial resistance develops less frequently in antimicrobial pep
tides than in antibiotics (Dobson et al., 2013), and metal alloys surfaces
functionalized with antimicrobial peptides have shown excellent anti
bacterial effects against the typical arthroplasty pathogens (Holmberg
et al., 2013). The systemic effects of these substances in the human body
are poorly understood and require further investigations before clinical
applications.
Reger et al. (2017) succeeded in functionalizing the surface of
Ti6Al4V with a S-nitrosothiol NO donor using self-assembled mono
layers. This procedure resulted in NO release in the order of the hun
dredths of nmol/cm2 under physiological conditions. Such surface
functionalization restrained the growth of both S. epidermidis and E. coli
bacterial strains. Note that the NO functionalizing molecules could
exogenously activate osteoblastogenesis and in low doses are not cyto
toxic (Felka et al., 2014; Abnosi and Pari, 2019). However, the appli
cability of this approach to the porous surface of cementless prostheses
and a full control of the NO-release kinetics in vivo yet remains unclear.
Si3N4 coating on Ti-alloy may confer resistance against adhesion of
both Gram-positive and Gram-negative bacteria, while stimulating os
teoblasts to deposit more bone tissue, and of higher quality. Unlike other
NO donors, the Si3N4 coating released the nitrogen radical steadily, with
a favorable kinetics.
5. Conclusion
A 3D-laser-sintering manufacturing process deposited a dense,
tenaciously adherent Si3N4 coating (with thickness 10–20 μm) onto the
porous T-alloy surface of commercially available acetabular compo
nents. This technology may achieve rapid osseous fixation, while
resisting bacteria. Competing technologies have addressed either peri
prosthetic infections of enhanced osteogenesis, but not both (Raphel
et al., 2016). The dual benefits of a Si3N4 coating relate to its RNS surface
chemistry, and slow kinetics that favor osseointegration, while inhibit
ing bacteria. Further studies are needed to establish if Si3N4 may offer
clinically relevant advantages over the commonly used hydroxyapatite
coatings on uncemented arthroplasty implants used today.
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