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ARTICLE INFO ABSTRACT

Keywords:

Surface biofunctionalization is frequently applied to enhance the functionality and longevity of orthopedic im-
plants. Here, we investigated the osteogenic effects of additively manufactured porous Ti6Al4V implants whose
surfaces were biofunctionalized using plasma electrolytic oxidation (PEO) in Ca/P-based electrolytes with or
without strontium. Various levels of Sr and Ca were incorporated in the oxide layers by using different current
densities and oxidation times. Increasing the current density and oxidation time resulted in thicker titanium
oxide layers and enhanced the release of Ca’" and Sr’'. Biofunctionalization with strontium resulted in
enhanced pore density, a thinner TiO, layer, four-fold reduced release of Ca?*, and mainly anatase phases as
compared to implants biofunctionalized in electrolytes containing solely Ca/P species under otherwise similar
conditions. Different current densities and oxidation times significantly increased the osteogenic differentiation
of MC3T3-E1 cells on implants biofunctionalized with strontium, when the PEO treatment was performed with a
current density of 20 A/dm? for 5 and 10 min as well as for a current density of 40 A/dm? for 5 min. Therefore,
addition of Sr in the PEO electrolyte and control of the PEO processing parameters represent a promising way to
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Current density
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Titanium bone implants

optimize the surface morphology and osteogenic activity of future porous AM implants.

1. Introduction

The demand for orthopedic bone implants that last for extensive
lifetimes is increasing [1]. To support the longevity of cementless bone
implants, proper fixation between implant and bone tissue is of utmost
importance. Such implants are increasingly made using additive
manufacturing (AM), as it allows for the free-form fabrication of
customized (titanium) implants for a variety of purposes including the
treatment of large bony defects [2-4]. The mechanical behavior of AM
porous implants can be controlled through geometrical design to further
enhance the longevity of such implants [5,6]. The highly porous nature
of such implants means that they possess vast surface areas, which make
these implants prone to infection. Surface biofunctionalization of these
AM implants has been, therefore, used to not only prevent implant-
associated infections but also to stimulate osteogenic properties [7] of
AM porous implants. Such biofunctionalization procedures, however,
have been found to be challenging.

Plasma electrolytic oxidation (PEO) is an electrochemical surface
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treatment that has been shown to enhance the bioactivity of titanium
implants [8-10]. PEO transforms the native amorphous titanium oxide
surface layer into a surface consisting of nanocrystalline titanium oxide
phases in a single-step process [11,12]. At the start of the PEO process,
the voltage rises steadily until dielectric breakdown occurs, resulting in
local spark discharges at the interface between substrate and electrolyte
[13]. As the surface layer grows, the spark discharges decrease in
number, but increase in intensity. With increasing oxidation time, gas
bubbles arise at the surface contributing to the development of large,
protruding pores. At the same time, nanocrystalline phases form as a
result of the locally high temperatures that are experienced during the
spark discharges and the accompanying pressures. During layer growth,
species from the electrolytes as well as from the titanium substrates are
incorporated in the porous oxide layer.

PEO is suitable for the surface biofunctionalization of complex,
porous geometries [14], does not alter the mechanical behavior of the
substrate due to limited heat input [15], and results in strong bonding
between the titanium oxide layer and the substrate [16-19]. The
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bioactivity of the implant surface can be adjusted through the compo-
sition of the PEO electrolyte. The use of Ca/P-based electrolytes results
in the formation of crystalline Ca/P phases including hydroxyapatite
[20-22], which can stimulate bone tissue regeneration. Through the
addition of inorganic nanoparticles, such as Ag, Cu, and/or Zn, the
implant surfaces are endowed with antibacterial properties [23,24].

Strontium has been used to treat osteoporotic patients effectively due
to its initiation of bone formation and its simultaneous reduction of bone
resorption, thereby reducing the risk of fracture [25,26]. However,
systemic strontium intake may induce cardiac events [27]. Therefore,
local administration at low, yet effective doses, is necessary to prevent
the side effects associated with the medicinal use of strontium [28]. As
such, strontium has been applied on the surface of titanium biomaterials
and has been shown to enhance the osteogenic differentiation of
mesenchymal stromal cells in vitro [29,30] and repair bone defects in
vivo [31,32]. Titanium biomaterials treated with strontium using PEO
have been shown to result in enhanced osteogenic properties [33-35].

Apart from altering the chemical composition of the PEO electrolyte,
the electrical processing parameters can change the surface morphology
of the implants and the phase composition. For example, increasing the
current density and oxidation time will result in thicker oxide layers,
larger surface pores and increased formation of crystalline phases
[36,37].

The contributions of these processing parameters to the osteogenic
properties of the resulting surfaces have not yet been investigated. The
characterization of the surface morphology and osteogenic properties is
required to understand the missing link between the surface bio-
functionalization process and the resulting bioactivity. Insight into these
effects will contribute to an optimized performance of future orthopedic
implants. In previous research [38], we have observed a synergistic ef-
fect of the incorporated Sr and Ag on the antibacterial activity of PEO-
treated porous AM titanium implants highlighting the potential of
further optimization of the incorporated elements for achieving the
desired biofunctionalities. Therefore, in this study, we incorporated
different levels of Sr into the titanium implants by modifying the PEO
processing parameters including the current density and oxidation time,
and assessed their effects on the surface morphology and the osteogenic
properties of porous AM titanium implants.

2. Materials and methods
2.1. Implant manufacturing and surface biofunctionalization

Porous Ti-6Al-4 V implants were rationally designed and manufac-
tured by AM as previously described [14]. Biofunctionalization of these
implants was performed by PEO using a customized setup which
included an AC power source (ACS 1500, 50 Hz, ET power Systems Ltd.,
Chesterfield, United Kingdom), connected to a data acquisition board
through a computer interface (SCXI, National Instruments, Austin,
Texas, United States), and an electrolytic cell consisting of double-
walled glass. During PEO processing, the implant functioned as the
anode while a stainless steel cylinder formed the cathode. The PEO
electrolyte was continuously stirred at 500 rpm and voltage-time (V-t)
transients were sampled at a rate of 1 Hz.

The PEO electrolyte was prepared by dissolving 0.15 M calcium ac-
etate (Sigma-Aldrich, St. Louis, Missouri, United States) and 0.02 M
calcium glycerophosphate (Dr. Paul Lohmann GmbH, Emmerthal, Ger-
many) in 800 ml demineralized water supplemented with 1.0 M stron-
tium acetate (Sigma-Aldrich). The conductivity of the electrolytes was
measured in three-fold using a conductivity meter (Consort, Topac Inc.,
Cohasset, Massachusetts, United States). The experimental groups
included implants without any PEO biofunctionalization and were
labelled non-treated (NT), implants that were treated with PEO but
without strontium acetate (PT), and PEO-treated implants with stron-
tium acetate (PT — Sr). The PEO processing was conducted galvanos-
tatically using RMS current densities of 20, 30, and 40 A/dm? for 5 and
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10 min with sinusoidal input signals. After PEO biofunctionalization, the
implants were rinsed under running tap water for 1 min, sonicated in
70% ethanol for 30 s, rinsed in demineralized water for 5 min, sonicated
in demineralized water for 30 s and sterilized in an oven at 110 °C for 1
h.

2.2. Assessment of titanium oxide layer and surface morphology

In order to investigate the titanium oxide layer surrounding the
implant, cross-sections were prepared (n = 3/group). Therefore,
perpendicular sections were made along the longitudinal axis of the
implant and fixed in a conductive resin (Polyfast, Struers, Copenhagen,
Denmark). Then, the specimens were successively ground for 2 min each
with 80, 180, 320, 800, 1200, 2000 and 4000 SiC abrasive paper suc-
cessively (Struers, Copenhagen, Denmark) using tap water for lubrica-
tion. The grinding steps were followed by ultrasonication in isopropanol
for 5 min and air drying. Finally, the specimens were polished with
DiaDuo-2 suspension (Struers) containing diamonds of 3 pm, rinsed with
isopropanol and tap water, and then polished with DiaDuo-2 diamonds
of 1 ym.

To characterize the morphology of the implant surfaces, scanning
electron microscopy (SEM, JSM-IT100LV, JEOL, Tokyo, Japan) was
used. In order to increase the electrical conductivity, a gold layer of 5 +
2 nm was sputtered onto the surface. SEM imaging was performed at a
working distance of 10 mm and an electron beam energy between 5 and
20 kV. The thickness and porosity were measured at 5 different spots on
3 implants for each experimental group. Pore diameter and pore density
were determined using ImageJ. Chemical analysis was performed by
energy-dispersive X-ray spectroscopy (EDS) at 6 different spots for each
experimental group.

2.3. Inductively coupled plasma optical emission spectrometry

The ion release profiles of Ca?" and Sr’** were evaluated using
inductively coupled plasma — optical emission spectrometry (ICP-OES).
The ion release of the biofunctionalized implants (n = 3/group) was
studied through the immersion of 1 cm implants in 1 ml phosphate-
buffered saline (PBS) in light-shielding 1.5 ml Eppendorf tubes at
37 °C under static conditions. The PBS was sampled and refilled after %,
1,2, 4,7,15, and 30 days. Subsequently, the sampled PBS was diluted in
5% nitric acid. The chemical element levels were measured by ICP-OES
(Spectro Arcos, Kleve, Germany).

2.4. X-ray diffraction

To investigate the composition of phases present on the implant
surfaces, X-ray diffraction (XRD) analysis was conducted using a D8
advanced diffractometer (Bruker, Billerica, Massachusetts, United
States). For XRD analysis, the following settings were used: voltage = 45
kV, current = 40 mA, scatter screen height = 5 mm, and CuKa radiation
detector = LL 0.11 W 0.14. The specimens were analyzed statically with
a coupled 0 - 20 scan ranging from 20 to 120°, a counting rate of 5 s/step,
and a step size of 0.030° 26. Subsequently, the collected data was
evaluated using DiffracSuite.Eva (version 5.0, Bruker).

2.5. Osteogenic cell response

2.5.1. Cell seeding and culturing

The osteogenic properties of the implant surfaces were evaluated
using preosteoblast cells (MC3T3-E1l, Sigma-Aldrich). We tested the
osteogenic capacity of NT, PT - 20 A/dm?-5 min, and all PT - Sr im-
plants. The cells were pre-cultured for 7 days in a-MEM supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin (both from
ThermoFisher, Waltham, Massachusetts, United States). During experi-
mentation, the cell culture medium was renewed every 2-3 days. In
order to seed the cells, implants of 1.0 cm length were placed in 0.2 ml
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tubes together with 100 pl culture medium containing 1.5 x 10° cells. throughout the entire experiment or switching after 2 days of culture to
Subsequently, the tubes were kept in an incubator (at 37 °C, 5% CO3) osteogenic medium through supplementation of the standard culture
and tilted every 20 min for 2 h. Thereafter, the samples were transferred medium with 50 pg/ml ascorbic acid and 4 mM f-glycerophosphate (all
into a 48 well plate with 200 pl fresh medium. We performed the ex- from Sigma-Aldrich).

periments under two conditions: either in standard culture medium

A 300 -
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—
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Fig. 1. (A) The V-t transients registered during the PEO processing of AM Ti-6Al-4 V implants. Arrows indicate dielectric breakdown. (B) The electrolyte conductivity
of PT and PT - Sr electrolytes (n = 3). (C) The SEM images showing the surface morphology of the implants after PEO biofunctionalization. Scale bars are 200 pm
(low magnifications) and 40 pm (high magnifications).
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2.5.2. Metabolic activity assay

To determine the metabolic activities of the MC3T3-E1 cells on the
implants, a Presto Blue assay (Thermofisher, Waltham, MA, United
States) was performed after 1, 3,7, 11, and 14 days. At these time points,
20 pl Presto Blue reagent and 180 pl fresh culture medium were added to
the implants, which were subsequently kept in the incubator for 1 h at
37 °C. Finally, the absorbance of the supernatant was determined at 530
nm excitation wavelength and 590 nm emission wavelength using a
micro-plate reader (Victor X3, PerkinElmer, Groningen, The
Netherlands).

2.5.3. Alkaline phosphatase assay

Osteogenic differentiation was investigated after 11 and 14 days by
measuring the alkaline phosphatase (ALP) activity of the MC3T3-E1
cells. Therefore, the specimens (n = 4/group) were cleansed in PBS,
submerged in 250 pl of PBS-Triton (containing 0.1% Triton X-100) and
subsequently the specimens were ultrasonicated for 10 min, to disso-
ciate the cells from the implant. Then, the specimens were kept in 100 pl
p-nitrophenyl phosphate (pNPP, Sigma-Aldrich) at 37 °C for 10 min after
which 250 pl of NaOH was supplemented to halt the process. The ALP
activity was determined using a standard curve with 0-100 pl of pNPP,
with 100 pl of PBS-Triton as well as 250 pl of NaOH in every well.
Subsequently, the absorbance measurement was performed at a wave-
length of 405 nm with a Victor X3 plate reader (PerkinElmer). Finally,
using a bicinchoninic acid (BCA) kit (Invitrogen, California, United
States), the overall protein content of every specimen was measured,
followed by the normalization of the ALP activity to the overall protein
content.

2.5.4. Cell morphology

The morphology of the cells cultured on the implant surfaces was
analyzed by SEM after 7 days of culture (n = 2/group). To that end, the
specimens were fixated for 20 min in McDowels fixative consisting of 4%
paraformaldehyde and 1% glutaraldehyde in 10 mM phosphate buffer at
pH 7.4 and kept in demineralized water at 4 °C. Then, the specimens
were rinsed two times in demineralized water for 5 min, dehydrated in
diluted ethanol series of 50% for 15 min, 70% for 20 min, and 96% for
20 min, and air-dried for 2 h. Subsequently, the specimens were sput-
tered with a 5 + 2 nm gold layer and investigated by SEM.

2.6. Statistical analysis

All statistical analyses were performed using GraphPad Prism
(GraphPad Software, La Jolla, California, United States) applying one-
way and repeated-measures ANOVA and Bonferroni post hoc tests.
Data are reported as mean + standard deviation. The differences be-
tween the groups were considered statistically significant at p < 0.05.

3. Results
3.1. Voltage transients

The recorded V-t curves demonstrated that implant bio-
functionalization by PEO resulted in higher voltages for the PT implants
in comparison with PT-Sr implants (Fig. 1A). Initially, the voltage rose
sharply until the dielectric breakdown with a rate of 12, 15, and 18 V/s
for PT-20 A/dm?, PT-30 A/dm? and PT-40 A/dm?, respectively. The
dielectric breakdown occurred after 10 + 2 sat 117 + 2 V for PT-20 A/
dm?, after 8 + 1 sat 119 + 2 V for PT-30 A/dm?, and after 7 = 1 s at 129
+ 2V for PT-40 A/dm?2. For the PT-Sr groups, the dielectric breakdown
occurred after 8 + 1sat80 + 1V, after 6 +1sat80 + 3V, and after 5 +
1sat 81 + 4V for 20 A/dm?, 30 A/dm? and 40 A/dm?, respectively.
After the dielectric breakdown, the slope of the V-t curve inflected
resulting in a final voltage (after 10 min of oxidation) of 261 + 3V, 278
£ 6V, and 283 + 3 V for the PT-20 A/dm?, PT-30 A/dm?, and PT-40 A/
dm? groups, respectively while the voltage rose to 127 + 2 V for

Materials Science & Engineering C 124 (2021) 112074

PT-Sr-20 A/dm?, 139 + 5 V for PT-Sr-30 A/dm? and 144 + 3 V for
PT-Sr-40 A/dm?. The electrical conductivity of the PT — Sr electrolyte
was enhanced more than three-fold compared to that of the PT elec-
trolyte (Fig. 1B).

3.2. Implant surface morphology after PEO biofunctionalization

Following PEO biofunctionalization, the implant surface
morphology was analyzed by SEM (Fig. 1C). All conditions displayed a
homogenous coverage of the titanium oxide layer over the entire
implant as identified by a highly interconnected microporous surface,
which is characteristic for PEO biofunctionalization. Oxidation of the PT
implants for 5 min with 20 A/dm? resulted in the highest pore density
with the smallest pore sizes while PEO biofunctionalization with
increased current densities resulted in relatively rougher surfaces with
fewer pores and larger pore sizes (Table 1). Enhancing the oxidation
time from 5 to 10 min resulted in an even further enlargement of pore
sizes and the roughening of the surface except for 10 min with 40 A/dm?
which showed reduced pore sizes compared to 10 min with 30 A/dm?. In
the case of the PT-Sr implants, the changes in morphology were less
prominent. Increasing the current density did not result in a change in
the surface morphology of the implants after 5 min. After 10 min,
however, the PT-Sr-30 A/dm? and PT-Sr-40 A/dm? groups revealed a
less circular pore shape and the roughening of their surfaces. EDS
analysis demonstrated the presence of Ti, Al, O, C, P, Ca and Sr species
and indicated that Ca was largely replaced by Sr when comparing PT and
PT-Sr implants (Table 1).

3.3. Cross-section morphology and thickness of the biofunctionalized TiO2
layers

The morphology and thickness of the titanium oxide surface layers
were analyzed through cross-section analysis by SEM (Fig. 2A). For the
PT implants, the oxide layer morphology differed across their thickness.
At the interface with the substrate (inner side), a fully dense and uniform
layer with an intact interface with the substrate was observed for all the
implant groups. This barrier layer had a thickness of ca. 2 pm. Moving
outwards, a porous morphology was visible while the surface oxide layer
was found to be dense in all the groups except for the PT- 10 min—-40 A/

Table 1
Porosity and chemical analysis of the implant surfaces. The proportion of
chemical elements is indicated as at.%.

Pore density Pore diameter Ca (at. Sr (at.%)
(%) (pm) %)

PT - 5 min — 20A/ 2.6 +0.1 27+1.1 9.8 + -
dm? 2.9

PT - 5 min — 30A/ 2.2+0.7 3.3+17 7.1+ -
dm? 2.0

PT - 5 min — 40A/ 1.6 £ 0.5 52+ 1.9 7.8 + -
dm? 2.2

PT - 10 min — 20A/ 0.8+ 0.4 45432 9.1+ -
dm? 2.5

PT - 10 min — 30A/ 0.6 +0.2 49+ 24 9.7 + -
dm? 2.9

PT - 10 min — 40A/ 0.4 +0.2 2.0+ 1.5 8.1+ -
dm? 1.4

PT - Sr— 5 min — 1.2+05 1.3+0.3 0.5+ 3.0+0.5
20A/dm? 0.1

PT - Sr— 5 min — 1.2+0.1 1.5+ 0.4 0.7 + 35+1.4
30A/dm? 0.3

PT - Sr— 5 min — 2.0 + 0.4 1.7 £ 0.4 0.7 + 3.8+0.4
40A/dm? 0.1

PT - Sr— 10 min — 1.3+0.9 1.4+0.3 1.8+ 11.9 +
20A/dm? 0.8 5.5

PT - Sr— 10 min — 2.5+ 0.3 2.3+ 0.6 1.1+ 7.2+25
30A/dm? 0.3

PT - Sr — 10 min — 3.6 +0.8 2.0 + 0.4 1.0 + 3.5+0.6
40A/dm? 0.2
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PT — Sr — 5min — 20A/dm? 18409 2
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PT — Sr — 5min — 40A/dm? 25+08 F
PT — Sr — 10min — 20A/dm? 26+1.7
PT — Sr— 10min — 30A/dm? 3114
PT — Sr— 10min — 40A/dm? 3416

40
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PT-Sr

10 min

5 min

PT-Sr
5 in
— I omin

20 A/dm? 30 A/dm? 40 A/dm?

20 A/dm* 30 A/dm? 40 A/dm?

Fig. 2. The thickness of the surface layer of TiO, implants. (A) The SEM images of the surface layer in backscattering mode. (B) Cross-sectional pore-size analysis by
SEM (n = 3). (C) A quantitative analysis of the thickness of the implant surface layers (n = 3). * p < 0.05, *** p < 0.001. Scale bar = 10 pm.

dm? group, which only displayed a porous outer layer. The PT-Sr
implant groups also displayed a fully dense oxide layer at the implant
substrate interface, followed by a middle porous layer, and a denser
surface layer on top. Increasing the current density and oxidation time
resulted in enhanced cross-sectional pore sizes up to an oxidation time of
10 min with 40 A/dm? (Fig. 2B).

The thickness of the implant oxide layer was enhanced both by an
increased current density and an increased oxidation time (Fig. 2C). For
the PT implants, the thickness of the oxide layer increased after 10 min
as compared to 5 min for treatments with current densities of 20, 30, and
40 A/dm? (p < 0.001, p < 0.05 and p < 0.001, respectively), after 5 min
with 40 A/dm? as compared to 20 A/dm? (p < 0.05), and after 10 min
with 40 A/dm? as compared to 20 A/dm? and 30 A/dm? (p < 0.05). For
the PT-Sr implants, the oxide layer was enhanced after oxidation for 10
min with 40 A/dm? as compared to 5 min with 40 A/dm? and as
compared to 10 min with 20 A/dm? (p < 0.001). The thickness of the
titanium oxide layer was significantly larger for the PT implants in
comparison with the PT-Sr implants under similar current densities and
oxidation times, varying between 12 and 26 pm for the PT implants and
between 2 and 10 pm for the PT-Sr implants.

3.4. Ion release kinetics

The Ca and Sr ion release kinetics were analyzed by ICP-OES for up to

30 days. For the PT implants, the Ca®" release was increased 1.37 fold
for treatment with a current density of 40 A/dm? as compared to a
current density of 30 A/dm? (Fig. 3A). Comparing 5 and 10 min of
oxidation time resulted in 1.21, 1.28, and 1.14 fold increase in the Ca®*
release for the PT implants treated with current densities of 20, 30, and
40 A/dm? respectively. For the PT-Sr implants, the Ca2' released
increased by 1.26 fold for the implants treated with a current density of
40 A/dm? as compared to those subjected to a current density of 30 A/
dm? while treatment with 10 min as compared to 5 min resulted in 0.97,
1.16, and 1.30 fold increase in the Ca®" release for the PT-Sr implants
treated with current densities of 20, 30, and 40 A/dm?, respectively. The
Ca?" release was at least 4-fold higher for all the PT implants as
compared to the PT-Sr implants. Furthermore, for both the PT and PT-Sr
implants, the Ca" release was highest for 10 min and a current density
of 40 A/dm?.

The Sr?* release was the highest for 10 min oxidation with 40 A/dm?
and increased with both the oxidation time and current density (Fig. 3B).
The Sr?* release was 2.49 and 2.09 fold higher when the current density
increased from 20 to 30 A/dm? for 5 and 10 min oxidation time,
respectively. The implants treated with 40 A/dm? further increased the
Sr?* release by 1.54 fold. Elongating the oxidation time from 5 to 10
min, resulted in 2.98, 2.50, and 2.48 fold increase in the Sr>* release for
the PT-Sr implants treated with current densities of 20, 30, and 40 A/
dm?, respectively. The PT-Sr implants released between 0.63 and 2.11
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Fig. 3. The cumulative ion release profiles. (A) The calcium and (B) strontium ion release from the implant surfaces (n = 3) measured by ICP-OES.

fold higher levels of Sr>* as compared to Ca?* after 5 min and between
1.87 and 4.04 fold after 10 min.

3.5. Phase composition of the titanium oxide layer

The phase composition of the implants’ oxide layer was evaluated by
XRD (Fig. 4). While differences in the phase composition were
frequently observed between 5 and 10 min of oxidation time, few phase
changes were observed between the current densities of 20, 30, and 40
A/dm?. For the PT implants, mainly the rutile TiO, phase was observed,
while anatase was exclusively observed for 5 min of oxidation time. Both
after 5 and 10 min of PEO processing, the Ca;o(PO4)s(OH)y (hydroxy-
apatite) phase as well as CaTiO3 and Cag(PO4)2 were present. CaTiO3
and hydroxyapatite were not detected on the PT-Sr implants, while
CaysH2(P3010)2 and SrgCay 5(PO4)7 phases were detected exclusively on
the PT-Sr implants after 10 min of oxidation with current densities of 30
and 40 A/dm?. Furthermore, SrTiO3 and Sr;9(PO4)¢(OH), were detected
on all the PT-Sr implants, with Sr((PO4)s(OH), being observed more
frequently with current densities of 30 and 40 A/dm? On the PT-Sr
implants, primarily the phases pertaining to the base metal were
observed with scarce rutile phases for current densities of 30 and 40 A/
dm?. After 10 min of PEO processing with current densities of 30 and 40
A/dm? anatase was detected.

3.6. Bioactivity of biofunctionalized implants

In general, the surface of the PT-Sr implants resembled the surface of
the PT implants oxidized for 5 min at 20 A/dm? Therefore, the meta-
bolic activity of MC3T3-E1 cells cultured on the implants in standard
and osteogenic media was determined using a Presto Blue assay on NT,
PT implants biofunctionalized for 5 min at 20 A/dm? and all PT-Sr
implants. With the osteogenic medium and after 3 days of culture
(Fig. 5A) the metabolic activity differed significantly between the NT
and PT (p < 0.05) and PT-Sr 20 A/dm? implants for 10 min (p < 0.001),
PT and PT-Sr 30 A/dm? for 10 min (p < 0.001) and PT-Sr 40 A/dm? for
10 min (p < 0.001). After 7 days of culture, significant differences were
observed between the NT and PT-Sr 30 A/dm? for 10 min (p < 0.05) and
PT-Sr 40 A/dm? for 10 min (p < 0.001) as well as between PT-Sr 20 A/
dm? and PT-Sr 40 A/dm? for 10 min (p < 0.01). After 14 days, there was
a significant difference between NT and PT-Sr 40 A/dm? for 10 min (p <
0.05). Without the osteogenic medium and after 3 days of cell culture,
the metabolic activity differed significantly (Fig. 5B) between NT and
PT-Sr 20 A/dm? for 10 min (p < 0.05), PT and PT-Sr 30 A/dm? for 5 min
(p < 0.05), PT and PT-Sr 30 A/dm? for 10 min (p < 0.05) and PT-Sr 20
A/dm? and PT-Sr 30 A/dm? for 10 min (p < 0.05). After 7 days, there
were significant differences between PT-Sr 20 A/dm? and PT-Sr 40 A/
dm? for 10 min (p < 0.05) as well as PT-Sr 40 A/dm? for 5 and 10 min (0]
< 0.05). Comparing the metabolic activity in the presence of or without

osteogenic medium, the results did not differ significantly.

The levels of ALP activity in osteogenic medium (Fig. 5C), differed
significantly after 14 days between NT and PT-Sr 20 A/dm? for 5 min (p
< 0.05), PT-Sr 20 A/dm? for 10 min (p < 0.001) and PT-Sr 40 A/dm? for
5 min (p < 0.05). Without the osteogenic medium (Fig. 5D), there were
significant differences in the ALP activity after 11 days between PT-Sr
20 A/dm? and PT-Sr 40 A/dm? for 10 min (p < 0.01). After 14 days,
there was only a significant difference between PT and PT-Sr 40 A/dm?
for 10 min (p < 0.01). Without the osteogenic medium, the levels of the
ALP activity were on average 4-fold lower than in the presence of the
osteogenic medium. SEM analysis of the cultured cells on the implant
surface for 7 days demonstrated a wide coverage of the surface by the
MC3T3-E1 cells under all conditions (Fig. 5E).

4. Discussion

Given the enhanced need for orthopedic implants, the surface bio-
functionalization of AM porous titanium implants has gained significant
momentum. However, the biofunctionalization of porous structures re-
mains challenging. While PEO has been successfully applied to create
bioactive surfaces with osteogenic and antibacterial behavior on highly
porous AM titanium implants [14,38], there is limited understanding of
the contribution of individual PEO processing parameters to the gen-
eration of bioactivity on titanium biomaterials. Therefore, the possibil-
ities to maximize the bioactivity of titanium implants by this versatile
process are not fully explored and harnessed.

During PEO processing, ionic species present in the PEO electrolyte
can become part of the titanium oxide layer. The composition of the
electrolyte, therefore, directly governs the bioactivity of the bio-
functionalized implant surfaces. In this study, we used Ca/P-based PEO
electrolytes as they have been shown to generate osteogenic surfaces,
partly due to hydroxyapatite formation during the PEO process [14]. In
addition, strontium was added as this has been shown to further enhance
the osteogenic capacity [33,39] and, more recently, to possibly boost the
antibacterial potential of AgNPs incorporated in such layers [38]. To
incorporate different levels of Sr, various current densities (namely 20,
30 and 40 A/dm?) and oxidation time (namely 5 and 10 min) were used.
Altering the PEO electrolyte affects the PEO process, which in turn
changes the surface morphology [20]. The SEM analysis of the surface of
the PT-Sr implants revealed a porous surface with smaller pores as
compared to the PT implants. An oxidation time of 10 min with current
densities of 30 and 40 A/dm? resulted in reduced porosity due to a
partial destruction of the top surface layer. The smaller pore size of the
PT-Sr implants may be associated with the lower voltage stems from a
higher electrolyte conductivity for the PT-Sr electrolytes compared to
the PT electrolytes.

Both enhancing the current density and oxidation time affected the
surface morphology of the PT implants, as the pore density was reduced
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Fig. 4. The X-ray diffraction spectra of the implants after PEO biofunctionalization.

while the pore size increased. This continued until 10 min oxidation
with 40 A/dm? which resulted in destruction of the oxide layer and
subsequent reduction of pore sizes. The changes were more pronounced
for longer oxidation times, which is in line with the findings of other
studies [40,41]. This increased pore diameter is caused by the rising
spark size and intensity and the accompanying buildup of pressures,
causing an expansion in the pore diameter and making pores increas-
ingly interconnected [42]. However, the surface morphology of the
PT-Sr implants was barely affected by the current density or oxidation
time, due to the small and less intense spark discharges caused by the
presence of strontium to the PEO electrolyte. Notably, the surface
morphology of the PT-Sr implants resembled the morphology of the PT
implants oxidized at the lowest current density and shortest time (i.e., 20
A/dm? and 5 min).

Since the current density and oxidation time alter the growth of the
TiO4 layer during PEO processing, we also explored the thickness and

cross-section morphology of the TiO; surface layer. For all experimental
groups, three different sections were observed in the TiO5 layer: a thin,
fully dense, and continuous barrier layer at the interface between oxide
layer and implant substrate, followed by a layer with large pores, and on
top a denser outer layer. This layer build-up is the result of different
phases during the PEO process. The barrier layer is formed before
dielectric breakdown by the inwards migration of the O* and the
migration of titanium ions outwards [43]. After dielectric breakdown,
the continuous build up and destruction of the layer occurs, leading to
the outwards expansion of the oxide layer and intensified spark dis-
charging resulting in the formation of larger, protruding pores that are
increasingly interconnected [12]. The oxide layer was thinner for all the
PT-Sr implants as compared to the PT implants. In addition, the pore
size of the PT-Sr implants was smaller, reflecting the surface pore
analysis. The thickness of the oxide layer was enhanced to a large extent
by extending the oxidation time and to smaller extents by increasing the



LA.J. van Hengel et al.

A
400000
300000 -
£ B
o 200000} ﬂ
(8]
C
@©
2
(e}
1%]
£ 100000+
0
Day 1 Day 3
B
400000
300000 -
£
é *
© 200000+ L_‘A—l
o
C
©
2
o
(72}
£ 100000+
Day 1 Day 3
E

Osteogenic medium

PT - Sr - 10 min - 20 A/dm?

s

e/
3 ’
‘ -

Day 7

Standard medium

Nt

Day 11 Day 14

o
)

mU/ml/ug
o o
N [e>]

o
mU/ml/ug
o o o = o
= o o] o N

o
N

Day 11 Day 14
Osteogenic medium
PT - Sr - 5 min - 30 A/dm?

Materials Science & Engineering C 124 (2021) 112074

lFT - 5 min - 20 A/dm?
P - Sr- 5 min - 20 Aldm?
IlPT - Sr- 10 min - 20 A/dm?
P - Sr- 5 min - 30 Aldm?
P - Sr- 10 min - 30 Aldm?
P - Sr- 5 min - 40 Aldm?
IPT - Sr- 10 min - 40 A/dm?

Day 11

Standard medium

Fig. 5. The osteogenic capacity of the MC3T3-E1 cells cultured on the implant surfaces (n = 4). Determination of the metabolic activity by the Presto Blue assay of
MC3T3-E1 cells cultured on the implants after 1, 3, 7, 11, and 14 days of culture (A) with and (B) without the addition of the osteogenic differentiation medium after
2 days. The measurement of the ALP activity after 11 and 14 days (C) with and (D) without the addition of the osteogenic differentiation medium. (E) The SEM
images of the cells on the implants after 7 days of culture in osteogenic and standard culture medium. * p < 0.05, ** p < 0.01, *** p < 0.001. Scale bar = 50 pm.
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current density, which is in line with the results of previous studies [44].
An analysis of the ion release kinetics indicated that both the
oxidation time and current density enhanced the release of the Ca and Sr
ions, which correlated with the enhanced thickness of the oxide layer
that functions as a reservoir for ions to be released. Due to increased
current densities and prolonged oxidation times, the electrical field
between anode and cathode is increased, thereby enhancing the
migration of the Ca and Sr ions into the growing oxide layer [45]. The
release of Ca was reduced for the PT-Sr implants in comparison with the
PT implants, reflecting the observation that Ca is largely replaced by
strontium in the case of PT-Sr implants, as confirmed by EDS analysis.
This phenomenon has also been observed in other studies [46]. For all
the PT-Sr implants, except for 5 min of oxidation with a current density
of 20 A/dm?, the release rate of Sr>* was higher than that of Ca?*.
During PEO processing, spark discharges may lead to local temper-
atures of up to 3500 K [47], resulting in the mixing of the species that
originate from the substrate and those present in the electrolyte.
Nanocrystalline phases are formed due to the increasing temperatures
and their formation increases with the applied energy input [48].
Initially, anatase is formed during the PEO process, followed by
increased rutile formation over time due to more intense spark dis-
charges with concurring rise in local temperature and pressure [49].
These nanocrystalline phases are known to induce photocatalytic ac-
tivity and contribute to antibacterial activity [50]. In this study, we
observed that enhanced oxidation time and current densities induced
numerous phase changes. The composition of the electrolyte affects the
crystallinity of the TiO; layer due to altered spark discharge formation
and the incorporation of the species present in the PEO electrolyte [51].
We observed that the PT-Sr implants demonstrated more intense Ti
peaks from the substrate, indicating a thinner oxide layer in comparison
with the PT implants. Furthermore, less rutile was observed in com-
parison with the PT implants. This is due to a less intense spark dis-
charging and concurring lower temperatures during the PEO process.
The formation of both rutile and anatase phases has been shown to
stimulate the formation of hydroxyapatite and other Ca/P phases on
titanium surfaces [52]. Furthermore, the photocatalytic activity of
anatase and rutile increases with the hydroxyl density at the implant
surface during spark discharging [53,54]. As a result, Ti-OH is formed
that, together with Ca?* and PO}~ delivered by the electrolyte, induce
the nucleation and formation of hydroxyapatite crystals [55,56]. We
observed higher numbers of crystalline Ca/P and strontium-Ca/P phases
on the implant surfaces which were treated for longer oxidation times
and also displayed higher levels of rutile and anatase. Interestingly, we
observed hydroxyapatite on the PT implants, but not on the PT-Sr im-
plants. Therefore, altering the oxidation time and composition of the
PEO electrolyte directly affected the formation of crystalline TiO, and
Ca/P phases on the implant surface. In previous work [14], we have
observed that the growth rate observed during the PEO process is not
affected by the different microstructure of additively manufactured
implants in comparison with that of solid implants made from annealed
Ti6Al4V. However, the complex micro-architecture of selective laser
melted implants is likely to affect the internal fluid flow, resulting in
altered local cooling of the electrolyte and potentially increased tem-
perature during plasma discharging. These local increases of tempera-
ture in turn could contribute to the formation of hydroxyapatite phases.
Surface biofunctionalization by PEO has been shown to improve
cellular behavior including cell adhesion, osteogenic differentiation,
and matrix mineralization, which is generally attributed to the micro-
porous surface morphology [57,58] and the presence of Ca/P as well as
strontium on the implant surface [59-61]. Moreover, the presence of
hydroxyapatite has been shown to enhance the osseointegration of ti-
tanium implants [62-64]. We, therefore, investigated whether the
observed changes in the implant surface morphology and phase
composition due to the addition of strontium to the PEO electrolyte as
well as the variation of the current density and oxidation time affected
the osteogenic behavior of preosteoblast MC3T3-E1 cells cultured on the
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implant surfaces.

We performed those experiments both in standard culture medium
and in an osteogenic medium. The metabolic activity was analyzed up to
14 days and was not significantly different between the specimens
cultured in standard and osteogenic medium. Moreover, after 7 days, the
metabolic activity decreased for all surfaces and culture conditions and
this is likely caused by a stop in cell proliferation as the implant surface
was increasingly covered. The osteogenic medium enhanced the ALP
activity, which is a differentiation marker, of the MC3T3-E1 cells on any
implant at each time point as compared to the specimens cultured in the
standard medium. After 14 days, the ALP activity of the PT-Sr implants
biofunctionalized with a current density of 20 A/dm? for both 5 and 10
min as well as a current density of 40 A/dm? for 5 min was enhanced in
comparison with the NT implants. The trend also indicates higher
average ALP activities of these PT-Sr implants relative to the PT im-
plants oxidized at 20 for 5 min, although not statistically significant.
These PT-Sr implants had a surface morphology comparable with the PT
implants oxidized at 20 A/dm? for 5 min and released the lower amounts
of Sr ions compared to the other PT-Sr implants.

Our results suggest that the osteogenic behavior of the implants may
be determined by a combination of surface morphology and Sr ion
release, since an unfavorable surface morphology and too high doses of
strontium may hamper the osteogenic differentiation of cells and induce
apoptosis [65-67]. Surface characteristics including porosity [57], pore
size [68], pore shape [69], and the presence of TiO, [70] and Ca/P/Sr-
based phases [21,33,60] all have been shown to affect osteogenesis. On
the macroscale, a lower porosity has been shown to enhance osteogenic
differentiation in vitro, while a higher porosity and larger pore size has
been found to result in greater bone ingrowth in vivo due to enhanced
vascularization [68]. The PEO-biofunctionalized implants with
increased microporosity have exhibited enhanced peri-implant bone
formation in vivo [57]. Furthermore, both hydroxyapatite- and stron-
tium hydroxyapatite-containing PEO-biofunctionalized implants are
found to stimulate osteogenic differentiation in vitro and result in a
higher bonding strength in vivo [33]. Finally, previous studies have re-
ported an association between an increased microporosity and enhanced
cell adhesion, cell proliferation, and ALP activity in vitro [59]. To fully
pinpoint the contribution of each individual surface characteristic in our
study, an extensive investigation of each separate characteristic needs to
be performed, which is suggested for future studies.

In this study PEO processing was performed in AC mode, however
also other PEO processing parameters can be explored, including the use
of DC mode, pulsed uni- or bipolar current, different frequencies and
varying duty cycles. The use of DC mode may result in difficulties to
control the surface discharge kinetics [18]. Therefore, unipolar or bi-
polar pulse current regimes are used to control the spark duration [71].
Thereby the heat conditions during PEO are regulated and as such the
surface morphology and chemical composition. Surfaces produced in
pulsed bipolar mode possess a higher porosity due to enhanced spark
discharges compared to unipolar mode [72]. In addition, with pulsed
bipolar mode a larger proportion of the oxidized implant surface was
composed of elements from the PEO electrolyte, rather than from the
implant substrate [73]. However, when the cathode pulse was increased
over a certain optimum the thickness of the titanium oxide layer was
decreased [74].

The properties of the surfaces can be influenced by the duty cycles of
the unipolar and bipolar pulsed modes, i.e. varying the time of current
during each period. In this way the power of the plasma discharge can be
enhanced by shorter pulse durations and increased voltages or currents
[75]. As a result enhanced duty cycles will lead to increased heat gen-
eration and spark energy, thereby generating larger pores [76]. In
addition, the frequency of the pulses can be changed, with higher fre-
quencies leading to enhanced porosity and corrosion resistance [77].
Furthermore, the fraction of anatase and rutile phases can be affected by
varying the frequencies [78]. Moreover, long duty cycles combined with
high frequencies have shown to support the apatite forming capacity of
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the implant surfaces [79]. However, the effects of these PEO processing
parameters on the osteogenic capacity of the implant surface remain to
be elucidated.

Further exploration of the effects of the concentration of strontium in
the PEO electrolyte and the electrical parameters is needed to fully
optimize the ratio of strontium and Ca release on an implant with
osteogenic surface morphology. Combined with antibacterial agents
[7,14], such as antibiotics or inorganic nanoparticles, this will generate
potent multifunctional surfaces on future AM porous titanium implants.
The next evaluation steps should include in vivo experiments.

5. Conclusions

In this study, we investigated the effects of the composition of cal-
cium and strontium-based electrolytes, current density, and oxidation
time on the surface morphology, phase formation, ion release, metabolic
activity, and osteogenic properties of AM porous titanium implants. The
implants biofunctionalized with strontium displayed smaller pore sizes,
a thinner TiO; layer thickness, four-fold lower rate of Ca®" release,
predominantly anatase TiO; phases and Sr-containing phases as
compared to the implants biofunctionalized in electrolytes containing
only Ca/P species. Increasing the oxidation time resulted in a rougher
surface with bigger pores, up to 4.4 fold thickening of the TiO2 surface
layer, and enhanced formation of Ca/P and TiO, phases to a further
extent than increasing the current density. The rate of the Ca®" release
was enhanced by up to 1.3 and 1.2 folds and that of the Sr?* release by
up to 3.5 and 2.7 folds when the higher values of the current density and
oxidation time were used, respectively. The different current densities
and oxidation times resulted in varying metabolic activities after 3 and
7 days of the culture of MC3T3-E1 cells while the ALP activity was
enhanced after 14 days for PEO biofunctionalization in Sr-containing
electrolytes with a current density of 20 A/dm? for both 5 and 10 min,
as well as with a current density of 40 A/dm? for 5 min. Altogether,
changing the oxidation time and current density caused significant
changes in the surface morphology, Sr incorporation and bioactivity of
AM porous titanium implants.
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