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ABSTRACT

In a new approach combining additive manufacturing with bioceramics, a
metallic 3D porous structure coated with bioactive glass was produced for
possible use in orthopedic implants. This approach aims to combine high
mechanical properties of the metallic structure with enhanced biological activ-
ity. 316L stainless steel (316L-SS) lattice structures were fabricated using selec-
tive laser melting. Despite its good mechanical properties, 316L-SS lacks the
biofunctionality required to achieve long-term implantation. To be successfully
used as biomaterial, these porous 3D lattice structures were thus coated by 585
bioglass through a simple impregnation method. The use of a silica layer was
evaluated as possible pretreatment to improve bioglass adhesion. The coated
parts are then assessed by scanning electron microscopy coupled with energy-
dispersive spectrometry to qualify the coating. Porous sample parts pretreated
with a silica layer presented a denser coating structure when compared with
untreated porous metallic structures. The bioactivity in SBF medium shows the
formation of a uniform apatite layer after 7 days of immersion, producing the
bioregeneration capability. This latter, combined with the lightweight frame-
work structure provided by 316-SS, will increase the lifetime of this new gen-
eration of orthopedic implants.

be explained by several factors, such as the aging

Introduction population and obesity, both of which are considered

as direct precursors of osteoarthritis. However,
In clinical medicine, the increasing number of trauma despite the many approaches available such as the
and pathologies in need of organ or tissue trans-  autograft, allograft and xenotransplantation, there are
plantation is becoming a serious issue. This trend can still limitations which can lead to implant rejection.
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Nevertheless, biomaterials and artificial organs are
generally advocated in order to reduce pain and
improve the quality of life for patients. Total hip
replacements (THR) or total knee replacement (TKR)
is currently one of the most common health inter-
ventions in the world [1]. In the UK, the annual
incidence rate of primary total joints has been
growing steadily from 1990 to 2000. Current data
from the National Joint Registry for England, Wales
and Northern Ireland (NJR) indicates that the num-
ber of operations for primary total joint replacement
is steadily increasing, with 75,366 hip and 76,497 knee
procedures performed in 2012 [2]. These numbers
reached, respectively, 79,088 and 85,128 for 2013 [1].
This upward trend will continue and is estimated to
reach 96,000 and 119,000 in the UK by 2035 [2]. A
similar trend is observed in the USA, where an
increase of 174% (572,000 patients) is anticipated for
primary total hip arthroplasties by 2030. Total knee
arthroplasties are projected to increase in the same
period by 673% to 3.48 million procedures. It is
expected that the worldwide demand for hip revision
surgical operations will double by the year 2026, with
knee revisions doubling by 2015.

With the increasing number of THR and TKR
performed and anticipated, this type of surgery is
becoming a significant financial burden for health
services worldwide. For example, each primary THR
and TKR procedure costs the National Health Service
(NHS) more than 7000 dollars [2]. The cost of hip
replacement varies from one country to another; the
USA has the highest cost, reaching 40 thousand dol-
lars in 2018, while Poland has the lowest, 5 thousand
US dollars. Another limitation of the current implants
is its limited lifetime, requiring a revision surgery
after ten to fifteen years, a duration influenced by the
physical conditions of the patient such as age, sex,
and body mass index (BMI) [3]. For the USA, the
revision rate for total hip arthroplasty reached
approximately 17.5% between 1990 and 2002. This
rate is expected to increase by 137% between 2005
and 2030 [4].

To overcome such problems, there is need for
alternatives which could be lower priced metallic
implants of the same mechanical properties that
would avoid additional surgery after implantation.
One approach relies on additive manufacturing to
overcome these existing limitations by designing
personalized bone grafts and accurately controlling
its geometry and porosity to biomimic bone tissue
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[5, 6]. Additive manufacturing (AM), commonly
called three-dimensional (3D) printing, enables the
production of 3D complex parts through a layer-by-
layer process. This permits the double control of
external and internal shapes [7].

Human bone possesses a complex 3D architecture
with a wide range of porosity, covering nano- to
macroscale. This porosity impacts positively
osteoinduction and osteoconduction by giving a
suitable ECM micro-environment for cell prolifera-
tion (nanoscale pore diameter), enabling transport of
nutriments and metabolic waste (micrometer pore
diameter 150-800 pm) and conducive to new tissue
growth and blood vessels formation (ten micrometers
pore diameter 10-100 um) [8, 9]. The ideal bone bio-
materials thus must not only mimic the composition
and external shape (macro-architecture) of natural
bone, it must also correspond to its internal shape
(micro-architecture) [10].

Implants manufacturing currently rely on metals,
ceramics and polymers, where the choice of material
will be influenced by the implant type and desired
application. Metallic materials, such as titanium
alloys, stainless steel and cobalt—chromium [9, 11, 12],
are the most used in load-bearing applications,
thanks to their mechanical reliability in comparison
with other materials. The high weight and stiffness of
metallic implant are two drawbacks hindering their
use in orthopedic implants. To address this short-
coming, sizeable research activities are currently
investigating ways to achieve significant improve-
ments [13]. Using additive manufacturing (AM)
techniques, a number of lattice structures and func-
tionally graded porous scaffolds (FGPS) have been
generated and extensively developed [11, 13]. Their
high level of controlled porosity enables the
achievement of reduced stiffness and weight. This
helps avoid the “stress shielding” phenomenon
without counteracting the “Wolff's Law” [13]. With
their high specific area, 3D-printed interconnected
porous scaffolds have an impressive ability to
enhance biological properties, especially osseointe-
gration and new bone tissue in growth [10].

To produce metallic implants using AM, two
technologies based on the powder bed fusion prin-
ciple are currently available. The first one, selective
laser melting (SLM), relies on a laser to melt locally a
layer of metallic powder. The second, electron beam
melting (EBM), uses an electron beam under vacuum
to achieve the same results. Because the design of

@ Springer



1660

personalized implant was always a goal to improve
healthcare quality, AM was investigated early on. In
2008, the first study was performed by Harrysson
et al. on the design and fabrication of tailored implant
based on titanium, using the electron beam melting
(EBM) method. Three configurations were investi-
gated: hip stems with mesh, hole and solid. Har-
rysson et al. found good mechanical properties with
the fabricated lattice structures, imitating the stiffness
of bone and thus decreasing stress shielding and
bone remodeling [14]. Murr et al. proposed a variety
of knee and hip implants incorporating open-cellular
structures (foam and mesh components), produced
by EBM from Ti-6Al-4V and Co-29Cr-6Mo alloys.
They showed that such implants possess good
mechanical and biological properties with regard to
stress shielding and bone cell in growth. Such
implants have been introduced to humans over the
past several years and received European CE certifi-
cation [15]. However, there are still concerns about
the use of metallic materials because of the possible
slow release of toxic ions with adverse effects as well
as their limited biological activity. Coating the
implant with a bioactive layer is one approach to
overcome these shortcomings [9, 16, 17]. Hybrid
implants can also fulfill this requirement [12]. Fathi
et al. prepared using sol-gel technique bioactive glass
nanopowder (57.44% CaO, 35.42% SiO, and 7.15%
P,0Os in molar percentages) as coating for 316L-SS
implant to simultaneously improve biocompatibility
and bone osseointegration [18, 19]. Such sol-gel
protective coatings are a good way to enhance the
chemical stability and corrosion resistance of metal
substrates. Using spray [20], electrophoretic deposi-
tion [21], or atomic layer deposition [22-24], good
results have been obtained for an array of metals, like
steel, aluminum, copper, magnesium and their alloys
[12, 25]. The wettability behavior of the coating on the
metallic material is a crucial factor in obtaining the
bioactivity and biocompatibility properties sought
[26]. Pourhashem et al. prepared a double layer of
bioglass—silica coatings on 316L stainless steel by sol-
gel method. Sample parts immersed 30 days in sim-
ulated body fluid (SBF) displayed a growth of
amorphous apatite, hydroxyapatite (HA) and CaSiO3
film on coatings [27]. Despite various studies carried
out on the bioactive coating of metal parts, there are
few, if any, studies focused on the development of
such bioglass coatings on porous 3D structures. A
recent study conducted by Yan and San examined the
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biocompatibility of hydroxyapatite sol-gel-coated
316L stainless steel implants manufactured by SLM
[28]. Bioactivity enhancement from the HA coating
was confirmed when compared to the as-printed
316L stainless steel. Multi-materials structures of
TigAl,V were produced by SLM for hip replacement
applications, incorporating a step of bioglass 4555
impregnation. The impregnated samples, having a
high wettability and reduced toxic ions release, led to
cell growth in an adequate environment [29]. To the
best of our knowledge, there is no report of bioglass
coating on rhombic dodecahedron lattice structure
based on 316L stainless steel printed by SLM tech-
nology. As known from the literature, stainless steel
316L presents one of the widely bioinert metals and
alloys (titanium alloy Ti-6Al-4 V, Co—Cr alloys, pure
titanium and tantalum) used for bone substitutes and
orthopedics implants, because it shows practical
biocompatibility, and is inexpensive [30]. Further-
more, the crucial advantage of employing stainless
steel is its easiness to process by SLM unlike the other
metals, as well as its ability to create porous struc-
tures with smaller strut thicknesses [31].

In this paper, the stainless steel used as substrates
is typically composed of molybdenum, chromium
and nickel with balance iron, in addition to the
alloying elements to improve the corrosion resis-
tance. It is often reported in the literature that nickel
ions are released from stainless steel samples, causing
cancer to humans. Gopi et al. [32] and He et al. [33]
used two types of 316L stainless steel with different
contents of nickel of about 11.65 and 10 wt%,
respectively. They both conclude the potential use of
the resulted material based on 316L stainless steel as
biocompatible in tissue engineering applications. It is
clear that the stainless steel used in our study con-
tains more nickel than the aforementioned studies. At
the European Union level, they have strictly prohib-
ited the presence of nickel in metal alloys intended
for applications such as biomaterials.

The objective of this study is to report on a bioac-
tive coating, based on 58S bioglass, prepared by
evaporation-induced self-assembly (EISA) method on
316L stainless steel porous structured implant for
orthopedic application, through a simple impregna-
tion technique. Bioactivity testing of these coated
porous parts in a simulated biological fluid is pre-
sented. The results will help in predicting the
behavior of these hybrid 3D porous implants once
introduced in human body. The bioactivity of the 3D



J Mater Sci (2021) 56:1658-1672

porous samples coated with bioglass matrix is
expressed by the precipitation of uniform apatite
layer after only seven days of immersion period, an
evidence of bone bioregeneration.

Materials and Methods
Materials

The stainless steel metallic powder used in this study
was purchased from SLM Solutions (Table 1). For the
synthesis of the bioactive glass powders and surface
coating for the 3D printed samples, the following
chemical products were used as received and without
any further purification: ethanol (CoHgO, 99%),
hydrochloric acid (HCl, 37%), triblock copolymer
Pluronic L-81 (Mn ~ 2800), tetraethyl orthosilicate
(TEOS, Si(OC,Hs), 99.9%), triethyl phosphate (TEP,
(C,H50):P0, 99.8%), calcium nitrate tetrahydrate
(CaNO3, 4H,0, 99%) and nitric acid (65%).

Sample Parts Printing and Surface
Pretreatment

The geometrical configuration for the 3D rhombic
dodecahedron with a relative density of 20% lattice is
illustrated in Fig. 1. A rhombic dodecahedron unit
cell is presented in Fig. 1a, b with two different views:
“top front left” and “top view”, characterized by a
surface and a volume of 995.613 mm” and 79.856
mm?®, respectively. Figure 1c, d illustrates the test
cube with a lattice thickness t equal to 0,3 mm, used
for impregnation testing to evaluate bioglass coating.
Test cubes are printed in the same conditions as the
hip implant (Fig. 1e, f).

All parts were fabricated using SLM 125 HL
machine from SLM Solutions (Germany), equipped
with a 400 W fiber laser. Operating conditions were
identical for all production jobs, with contouring and
volume given in Table 2. The volumetric laser energy
density (E,) was calculated according to Eq. (1) [34]:

Table 1 Chemical composition of the surgical 316L. SS powder
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where P in W is the power laser; v is the average
scanning speed in mm/s; & is the hatching spacing in
mm; and the layer thickness ¢ in mm.

Part production was performed on a stainless steel
base plate under a nitrogen atmosphere to reduce the
reactivity of the 316L-SS powder. Prior to manufac-
turing, the location of the parts on the build plate was
carefully considered to achieve a uniform heat dis-
tribution during fabrication. The build plate, with the
parts still attached, was heat-treated at 300 °C for 2H
in order to reduce the residual stress. After oven
cooling, the parts were removed from the build plate
using a horizontal band saw, using lubricating cool-
ant to avoid localized overheating. All samples were
cleaned in an ultrasonic bath, with frequent distilled
water changes. The last cleaning step is an acetone
soaking for 30 min.

To evaluate the effects of surface pretreatment on
bioglass coating, some of the stainless steel specimens
were coated with a silica layer prior to further pro-
cessing. The SiO, coating sol was prepared as fol-
lows: a 70:30 (wt%) mixture of absolute ethanol and
deionized water was prepared, after which its pH
solution was adjusted to 1.5 using nitric acid. An
exact volume of TEOS (26.8 ml) was added dropwise
to the mixture solution, which was maintained under
stirring until a clear solution is obtained. The 3D
printed samples are then slowly immersed in the
silica sol and withdrawn after 15 min, after which
they are dried at 100 °C for 30 min. This dipping/
drying operation is repeated 3 times under the same
conditions, with a 30-min wait time between cycles.
The resulting samples were then heat-treated at 450 °
C for 30 min at a 1 °C/min heat rate.

Bioglass synthesis

Bioactive glass (58S (58%) SiO, (37%) CaO (5%) P,Os)
was synthesized using the evaporation-induced self-

Element Fe C Si Mn P S Cr Ni Mo N Cu (0]
Minimum Balance 0 0 0 0 0 16 11 2 0 0 0
Actual Balance 0.024 0.45 1.22 <0.005 0.005 16.92 12.08 2.4 0.01 0.01 0.03
Maximum Balance 0.03 0.75 2 0.025 0.01 18 13 3 0.1 0.5 0.1
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Fig. 1 a, b The SS alloy
rhombic dodecahedron lattice
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Top Front left view

structure. ¢, d Model sample [
part e, f: the orthopedic (a)
implant.

(b)

ARARARNR I
\J ‘0 ‘0 ‘0 ‘0 ‘0 ‘0 ‘0 ‘0 ‘0

(10 x 10 x 4,2) mm

Table 2 SLM process parameters used in this study

Parameters process General
Layer thickness 50 um
Base plate temperature 80 °C

Atmosphere Nitrogen, 12 mbar overpressure
Border Volume
Scanning strategy - Stripes
Hatch spacing (h) 0.08 mm 0.12 mm
Average scanning speed (v) 300 mm/s 700 mm/s
Power laser (P) 100 W 275 W
Volumetric laser 83.33 J/mm’  65.48 J/mm’

energy density (E,)

assembly (EISA) method as reported previously
[35, 36]. 5 g of non-ionic surfactant L-81 was added to
a mixture of ethanol and 0.5 M HCI. The solution was
stirred for 30 min before the addition in this order:
TEOS (4,8 g), TEP and calcium nitrate (3,4 g) as pre-
cursors for silicate, phosphorus and calcium, respec-
tively. The resulted solution was kept under
continuous agitation for 1 day. The sol was trans-
ferred to petri dishes to undergo EISA process, fol-
lowed by heat treatment at 40 °C for 7 days, to ensure
the evaporation of ethanol and self-assembly of sur-
factant molecules. The dried gel was calcined at 600 °
C for 6H to obtain the final bioglass denoted as “585”.

@ Springer
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Bioglass suspension preparation
and coating

The 316L-SS cellular structures implants were dip-
coated in a 58S glass particles suspension. This sus-
pension was prepared by ultrasonic dispersion of 585
bioactive glass particles in ethanol, at a concentration
of 5% and 10% (w/v). Both untreated (CS3-CS4) and
silicate-coated (CS5, CS6) structures were immersed
for 15 min in the 58S glass suspension, followed by a
heat treatment at 450 °C for 30 min. Table 3 lists all
prepared samples with a brief description of coating
procedures.

In vitro Bioactivity test in SBF medium

The biological activity of the as-produced bioglass
585 in acellular medium was evaluated in SBF after
6H, 16H, 1D, 3D and 7D of immersion, with a static
mode without changing the environment after each
period of immersion, in order to evaluate its ability to
deposit new apatite layers. In vitro bioactivity tests of
the aforementioned cellular structures (Table 2) were
performed before and after BG coating, using a 7-day
immersion period in SBF medium. This period was
selected based on results showing significant bioac-
tivity for these bioglass powders. This bioactivity was
appraised using procedures described in the previ-
ous studies [37]. The SBF solution was prepared
according to the previous reports [38, 39].
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Table 3 Description of cellular structures studied
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Acronym CS1 CS2 CS3

Sample

CS4

CS5 CS6

Description 316L-  316L-SS/ SLM-SiO,
SS/ with SiO, layer
SLM

316L-SS/ SLM
Coated with 5%

pretreatment 58S-BG

316L-SS/ SLM

316L-SS/ SLM-SiO,
Coated with 5%
58S-BG

316L-SS/ SLM-SiO,
Coated with 10%
58S-BG

Coated with 10%
58S-BG

Bioglass and Scaffold Characterization

Prior to selective laser melting manufacturing, the
powder size distribution and shape factor were
established via dynamic image analysis, using a
Camsizer X2 (Retsch, Germany) equipped with dual
camera technology. Structural features of calcined
and coated samples were assessed with X-ray
diffraction (XRD), Fourier transform infrared spec-
troscopy (FTIR) and inductively coupled plasma
atomic emission spectroscopy (ICP-AES). XRD pat-
terns were collected on an X-pert X-ray diffractome-
ter using 0.02 as a step size and 180 s as a step time.
The CuKl was used as X-ray radiation and was
generated under voltage and current of 45 kV and
40 mA, respectively. Data were collected for 26 val-
ues ranging from 10° to 70°. The FTIR spectra of the
bioactive glass series were obtained in attenuated
total reflection mode (ATR) using a Nicolet 1S50
spectrometer. Transmission spectra of specimens
were obtained between 400 and 4000 cm™ at a reso-
lution of 4 cm™'. Analysis of the chemical composi-
tion of powders was carried out by inductively
coupled plasma atomic emission spectroscopy (ICP-
AES), using a Jobin Yvon Horiba Ultima 2 apparatus.
Results were averaged from three repeated mea-
surements. SEM micrographs coupled to energy-
dispersive X-ray spectroscopy (SEM/EDS) were
obtained using an IEM11 Inovenso SEM microscope
under high vacuum mode and a voltage of 15 kV, to
assess the structural and morphological change of
various bioglass powders, and the growth of the new
apatite layer on coated specimens. Gold metallization
was used on bioglass powders sample to reduce
surface charging, while lattice structures were ana-
lyzed without metallization.

Results and Discussion

Metallic powders and as-printed SLM
cellular structures

The powder material used to print the sample parts
and the porous orthopedic implants consist of gas
atomized particles, ranging from 10 to 90 pm in
diameter (see Fig. 2a). Particle size distribution of the
316L-SS metal powder used in this work is presented
in Fig. 2a. The volume-based dio, dsg, dop values are
summarized in Table 4. The average particle size is
34.6 um, with 90% of the particles having a diameter
of 51.3 um or less. Particle morphology was found to
be roughly spherical from SEM observations (Fig. 2b).
The SEM micrographs revealed the presence of small
particles partially covering the surface of the larger
ones.

Analysis of the particle size distribution (Fig. 2a)
reveals an asymmetric trend toward finer grains. The
ratios of dsg/dyp and dgg/d;o displayed in the last two
columns of Table 4 give characteristic parameters of
the suitability of metal powder granulometry used in
selective laser melting production according to the
Karapatis criteria [40]. These conditions are as
follows:

dog < tiayer; dso/d10>10 and dog/d19 <19

where iy is the layer thickness, dyo, dso and dogg are
the diameter at 10%, 50% and 90% of the powder
population. The first requirement between dgy and
tayer can be considered to be closely met for the
studied powder. The dsy/d1o = 10 condition has not
been met in the present case, while the third condi-
tion (fo0/d1p < 19) is achieved. This makes it possible
to print with an effective layer of particles, where the
smaller particles bridge the gaps between the large
ones, thus ensuring a proper packing behavior. The
use of a powder with a larger dgy often results in
parts with rough and non-uniform surfaces. Similar
results were also obtained in another study on
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Fig. 2 a The particle size distribution (differential and cumulative); b SEM micrograph of 316L-stainless steel powders; as-printed sample
parts ¢ and orthopedic implants d still on the build plate.

Table 4 Characteristics
values for the particle size

distribution

Metal powders

dip (um)

dso (um) doo (um) dso/dyo doold o

316L-SS 20.8

34.6 51.3 1.66 2.46

meeting the Karapatis criteria and grain size distri-

bution of 316L-SS [41].

Characterization of 58S bioglass

The diffraction patterns of 58S bioglass powder are
shown in Fig. 3a. From this figure, it is clearly seen
that samples calcined at 600 °C in air exhibit an

amorphous

phase

containing pseudo-crystalline

phases of CaO and CaCO;. Also present at 29° [26]
are the characteristic band of calcite, the crystalline
phase of calcium carbonate CaCO;, and small peaks
of crystalline calcium oxide (CaO) at 32°, 39° and
53.7° [26]. Similar results were observed by Li and
Mozafari works [42, 43]. As observed, the increase to
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a heat treatment temperature above the crystalliza-
tion temperature yields a crystalline structure instead
of an amorphous one [44]. This may explain the
amorphous nature of 585 bioglass produced by EISA
method, which is accompanied by a small crystalline
fraction. This combination is key to enhance many
properties such as bioactivity and biocompatibility. A
recent study concluded that increasing the sintering
temperature can enhance the crystallinity degree,
leading in turn to an optimal biomineralization [45].

Intermolecular interactions of bioglass particles
were also examined by FTIR analysis (Fig. 3b). The
peaks at 3373 and 1636 cm™}, assigned to O-H bands,
are explained by the presence of adsorbed water in
the samples [44]. Traces of crystalline CaCO; and
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Fig. 3 XRD patterns (a) and FTIR spectra (b) of bioactive glass 58S calcined at 600 °C for 6H in air atmosphere.

CaO seen in XRD analysis are confirmed by FTIR
analysis with the presence of C-O bands at 712, 1410
and 1521 cm™" [46]. The dominant phase of bioglass is
given by the characteristic bands of silica. This
includes the deformation vibrations of Si-O-5i found
at 436, 811 and 1100 cm™!, which is the symmetric
bending of SiO, tetrahedrons defined as Q* (Si) in
Fig. 3b, and bands at 875, 935 and 1028 cm™! which
are the stretching vibrations of Si-O-5i bonds in the
Q! (Si), Q? (Si) and Q? (Si) tetrahedrons, respectively.
These latter consisted of 1, 2 and 3 bridging oxygen
atoms [47, 48]. Bioglass samples were analyzed by
ICP-AES for chemical composition (Table 5), with
results consistent with expected composition.
Evaluation of the 58S bioglass particles morphol-
ogy distribution and elemental analysis was carried
out by scanning electron microscopy (Fig. 4). SEM
imagery shows a clear presence of both crystallized
and amorphous phases, where bioglass exists as
irregular micro-/nanoparticles. The 585 BG micro-
particles exhibit an irregular shape with a diameter
varying between 28 and 38 um. Nano-grains of 585
BG were regular and spherical, having an approxi-
mate size of 146 nm. These nano-grains are respon-
sible for the high tendency of the powder to
agglomerate [49]. The same results were observed by

Table 5 Quantitative analysis of 58S bioglass measured by ICP-
AES

Constituents Si0O, mol% CaO mol% P,O5 mol%

Molar percentage  57.24+£0.08  36.57+£0.06  3.24+0.09

Gong and al. [50]. The energy-dispersive spec-
troscopy (EDS) spectrum indicates that our powders
are mainly composed of Si, Ca, P and C, confirming
the chemical composition of the 58S bioglass. The
conductive coating layer deposited on the sample
prior to analysis explains the presence of gold (Au),
while copper (Cu) and aluminum (Al) are explained
by the sample holder used.

Characterization of the BG coating

SEM micrographs of the lattice structures before and
after bioglass coating (CS1-CS6), and their corre-
sponding EDS analysis are presented in Fig. 5. CS1 is
the as-fabricated structure without any modification,
where a high density and no surface porosity can be
observed. The lattice structure exhibits a non-uniform
and rough surface with a high aspect of balling effect.
This phenomenon is frequently observed in Ilaser-
based additive manufacturing and results from a
complex physical metallurgical process. It occurs
mostly for lattice structures with very thin walls and
can be explained by instability of the melt pool dur-
ing lasing [51]. SEM imaging reveals a large amount
of small-sized spherical balls averaging 40 um. (The
average diameter was determined using Image | 1.52, a
software on a population of 40 balls.) Melt pool insta-
bility also results in solidified spheres found on var-
ious sides of the printed sample because of small
droplets splashing. Using a low scan speed could
lead to an energy increase in the melt pool, increasing
the balling effect in lattice structures. The difference
between the melt pool created during hatches
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Fig. 4 SEM micrograph and EDS pattern of the synthesized 58S bioglass particles heat treated at 600 °C.

scanning and during contour scanning can explain
the appearance of spherical balls and irregular sur-
face [51, 52]. Peaks of Co, Ni, Fe, C, and Si found
during EDS analysis are typical of 316L stainless
steel.

SEM of lattice structures treated with SiO, (CS,)
(Fig. 5) revealed micro-cracks formed during heat
treatment to remove water molecules. SEM of CS3-
CS6 samples revealed that the impregnation rate of
585 bioglass is influenced by the surface (with or
without prior silicate layer treatment) as well as the
concentration of suspension used for coating. EDS
spectra of impregnated samples show additional
peaks of P, Ca, O and Si (with a more pronounced
intensity for Si), confirming the presence of a layer of
bioglass coating. Surface morphology of the coated
sample is influenced by the concentration of bioglass
in suspension. While a 10 wt% suspension yields a
homogenous and dense surface with some micro-
pores observed, the 5 wt% suspension results in a
non-uniform and rough appearance. Formation of
micro-cracks might be explained by layer shrinkage
during sintering. This is something favorable for the
osseointegration process because the presence of an
interconnected open porous structure would help
achieve the vascularization necessary for the growth
of new tissues [53, 54] inside and on the surface of the
hip implant. By pretreating the lattice structure with
a silicate layer, followed by a 58S bioglass impreg-
nation, homogenous and dense porous composite
materials can be obtained. This is advantageous to
address issues of stress shielding and metal ions
release resulting from a degradation of the metal
implant. This observation is in full agreement and
approved by Sidane et al. studies; they explored the
hydroxyapatite (HA)-TiO,-5iO,-coating on 316L
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stainless steel, morphological and mechanical prop-
erties. They found that the silica layer enhanced the
attachment of the TiO, and HA phase through the Si-
OH hydroxyl groups, thus signifying a perfection in
the corrosion resistance, bonding strength, elastic
modulus and hardness of the coated 316 L SS
essential for the hard tissue applications [55, 56].

Assessment of the In Vitro Bioactivity
Bioglass powders bioactivity in SBF medium

The XRD patterns of bioglass powders before and
after soaking in SBF medium for different periods of
time (16 h to 7 days) are shown in Fig. 6a. While
immersion tests were conducted from 16 h to 7 days,
observed morphological changes were used as
selection criteria. XRD spectra at 16 h start exhibiting
the characteristics of hydroxyapatite (HA) at 25, 88°
and 31,77° [26], becoming more pronounced after
7 days of immersion [43]. These reflections are related
to (002) and (211) plans diffraction according to the
standard data base (PDF card No. 09-0432) [57]. In
addition to HA, peaks of crystallized phases CaCOj3
and CaO can be observed in the samples, becoming
less noticeable with time. This confirms that the
crystallized phases do not prevent formation of a new
apatitic layer. This enhanced reactivity might be
caused by the dissolution of CaCO; and CaO during
immersion as confirmed from Dehaghani et al. work
[58].

The FTIR spectra of powders after immersion in
SBF solution for 16 h and 7 days are presented in
Fig. 6b. It took only 6 h of soaking 58S bioglass in SBF
to observe new P-O bands, a sign of apparent
bioactivity [59]. These results are in agreement with
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Fig. 5 SEM and EDS of the
as printed and produced
sample parts.
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Fig. 6 XRD patterns (a) and infrared spectra (b) of the 58S bioglass after immersion in SBF for different periods of time 16H (c) and

7 days (d).

XRD observations (Fig. 6a). Functional bands of Si-O,
5i-O-Si and C-0O, already present before immersion,
are still found after soaking in SBF medium. Their
intensity, however, decrease with immersion time as
observed with the carbonate bands at 1419 and
715 cm™'. This can be explained by dissolution of
crystalline phases (CaCOj;, CaO). Phosphate absorp-
tion in the crystalline state is confirmed by the for-
mation of very well-defined bands around 570, 609,
968 and 1020 cm™' [58]. The vibration around
964 cm™, related to Q, (Si), became more apparent
after 16 h of immersion and overlaps the character-
istic band of P-O function at 968 cm™'. A similar
modification occurred for the Qs (Si) vibration at
1028 cm ™' and phosphate group at ~ 1020 cm ™. This
is in line with the steps discussed by Hench to
explain the bioglass’ bioactivity process [47].

The XRD and FTIR analysis thus confirmed the
acellular bioactivity of the produced bioglass 585 by
EISA method. The biological activity of the 58S bio-
glass was also confirmed by SEM carried out on

@ Springer

samples immersed in SBF, where deposits of a new
apatitic phase were observed on the surface of the
bioglass powders (Fig. 6¢, d). The glass surface was
completely changed because of the reactions occur-
ring between the SBF medium and glass surface.
These are a significant sign of the produced “58”
glass bioactivity in acellular medium. After 16 h of
soaking, the glass surface is totally covered with a
homogenous and dense particle with a spherical
shape. Increasing the immersion period to 7 days
yields a more visible and larger deposited layer
because of the enhanced crystallization of hydrox-
yapatite (HA) particles with a spherical shape
[44, 60]. These results are in agreement with XRD and
FTIR analysis, demonstrating that “585” bioglass
possesses a good apatite-forming activity.

Bioactivity of the coated 3D-sample pieces

To estimate the in vitro bioactivity of coated samples,
the surface morphologies were observed by SEM for
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Fig. 7 SEM micrographs of CS1, CS2, CS4 and CS6 after a 7-day immersion in SBF.

selected samples showing the densest and homoge-
nous coating (CS1, CS2, CS4 and CS6) (Fig. 7). The
in vitro bioactivity test was carried out in SBF med-
ium for 7 days of immersion to ensure the chemical
reaction of bioglass particles with the surrounding
body fluid. This is considered as a preliminary signal
of bioactivity in the human body [54]. The CS1 sam-
ple, used as reference for this test, shows no growth
on its surface. The same behavior is observed for the
sample part with bioglass coating after impregnation.
The in vitro test revealed that formation of a new
layer of semicrystalline hydroxyapatite on the sub-
strate surface is induced only for pretreated samples
parts with SiO, layers and bioglass suspension.
Growth was enhanced with the addition of bioglass
coating. The CS6 sample showed a very important
agglomeration of particles on the surface when
compared to CS2 sample. Bioactivity of 585 bioglass
enabled the formation of hydroxyapatite after only
16H of immersion period, as proved in Fig. 6.

It has already been established that formation of
apatite occurs through ion exchange between the
bioglass coating and SBF solution, with the SiO, layer
being a crucial pretreatment to stainless steel parts to
achieve enhanced biological activity (Scheme 1). Our

method of achieving porous metal parts coated with
dense layers of bioglass shows promising bioactivity
results. This approach can serve as a new generation
of hybrid porous hip implants with an architecture
mimicking the human bone.

Conclusion

In the present study, 316L stainless steel (316L-SS)
lattice structures based on rhombic dodecahedron
unit cell with a relative density of 20% were designed
and produced using selective laser melting (SLM)
method. The resulting structures were then coated
with 58S bioactive glass to enhance bioactivity. This
hybrid structure exhibits the functionalities required
to be used in a new generation of hip implant with
reduced stiffness and weight. This would yield
increases in bone density inside and around the
implant because of the homogeneous bioactive glass
layer coating the metallic structure. Quality of this
layer is firmly dependent on the chemical surface
treatment performed before impregnation. This bio-
glass layer will improve the in vitro bioactivity in SBF
medium. Thanks to the high specific surface of the

@ Springer
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Scheme 1 Scheme of different steps of bioglass coating process on metallic porous parts.

metallic framework structures, other elements can be
added such as growth factors, anti-inflammatories
and antibiotics to further improve the biologic
properties of these new structures.
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