Biomedical Materials

PAPER • OPEN ACCESS

Immunomodulation of surface biofunctionalized 3D printed porous
titanium implants
To cite this article: F Razzi et al 2020 Biomed. Mater. 15 035017

View the article online for updates and enhancements.

This content was downloaded from IP address 143.179.34.45 on 15/07/2020 at 11:21

Biomed. Mater. 15 (2020) 035017

https://doi.org/10.1088/1748-605X/ab7763

PAPER

OPEN ACCESS

Immunomodulation of surface biofunctionalized 3D printed porous
titanium implants

RECEIVED

5 December 2019
REVISED

17 February 2020

F Razzi1,2,4, L E Fratila-Apachitei1,4 , N Fahy2,3, Y M Bastiaansen-Jenniskens3, I Apachitei1, E Farrell2,5 and
A A Zadpoor1,5
1

ACCEPTED FOR PUBLICATION

18 February 2020

2

PUBLISHED

27 April 2020

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

3

4
5

Department of Biomechanical Engineering, Faculty of Mechanical, Maritime, and Materials Engineering, Delft University of Technology
(TU Delft), Mekelweg 2, 2628 CD, Delft, The Netherlands
Department of Oral and Maxillofacial Surgery, Erasmus MC, University Medical Center Rotterdam, Dr Molewaterplein 40, 3015 GD,
Rotterdam, The Netherlands
Department of Orthopaedics, Erasmus MC, University Medical Center Rotterdam, Dr Molewaterplein 40, 3015 GD, Rotterdam, The
Netherlands
First co-authors.
Last co-authors.

E-mail: e.l.fratila-apachitei@tudelft.nl

Any further distribution of Keywords: metal 3D printing, plasma electrolytic oxidation, immunomodulation, macrophages
this work must maintain
Supplementary material for this article is available online
attribution to the
author(s) and the title of
the work, journal citation
and DOI.

Abstract
Additive manufacturing (AM) techniques have provided many opportunities for the rational design of
porous metallic biomaterials with complex and precisely controlled topologies that give rise to
unprecedented combinations of mechanical, physical, and biological properties. These favorable
properties can be enhanced by surface biofunctionalization to enable full tissue regeneration and
minimize the risk of implant-associated infections (IAIs). There is, however, an increasing need to
investigate the immune responses triggered by surface biofunctionalized AM porous metals. Here, we
studied the immunomodulatory effects of AM porous titanium (Ti-6Al-4V) printed using selective
laser melting, and of two additional groups consisting of AM implants surface biofunctionalized using
plasma electrolytic oxidation (PEO) with/without silver nanoparticles. The responses of human
primary macrophages and human mesenchymal stromal cells (hMSCs) were studied in terms of cell
viability, cell morphology and biomarkers of macrophage polarization. Non-treated AM porous
titanium triggered a strong pro-inﬂammatory response in macrophages, albeit combined with signs of
anti-inﬂammatory effects. The PEO treatment of AM porous titanium implants showed a higher
potential to induce polarization towards a pro-repair macrophage phenotype. We detected no
cytotoxicity against hMSCs in any of the groups. However, the incorporation of silver nanoparticles
resulted in strong cytotoxicity against attached macrophages. The results of this study indicate the
potential immunomodulatory effects of the AM porous titanium enhanced with PEO treatment, and
point towards caution and further research when using silver nanoparticles for preventing IAIs.

1. Introduction
Recent progress in additive manufacturing (AM=3D
printing) of metallic biomaterials [1–3] has enabled
fabrication of volume-porous orthopedic implants
with favorable properties that originate from the
small-scale topological design of the underlying lattice
structure. Examples are bone-mimicking mechanical
[4–7] and mass transport [8–11] properties that
facilitate bone tissue regeneration as well as their
© 2020 The Author(s). Published by IOP Publishing Ltd

highly porous structure that allows for bony ingrowth.
Ideally, all or most of the pore space should be ﬁlled
with de novo bone. In the case of temporary bone
substitutes made from biodegradable metals such as
magnesium [12] and iron [13], this could potentially
lead to full regeneration of large bony defects and
complete resorption of the implant. Animal experiments have, however, demonstrated that full regeneration of large bony defects often requires the
application of biofunctionalization techniques that
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enhance the bone tissue regeneration performance of
AM porous metals [14, 15]. With proper biofunctionalization, full bone regeneration is possible even in
critical size segmental bone defects [16].
The actual surgeries are, however, more complex,
with a signiﬁcant risk of implant-associated infections
(IAIs) particularly for complex bony reconstructions
in revision surgeries [17, 18] and treatment of bone
tumors [19, 20]. This calls for an additional aim in the
biofunctionalizing treatments that are applied to AM
porous metals to minimize their risk of IAIs. Several
studies [21–23] have shown that antibacterial surface
coatings applied to such materials could both kill
planktonic bacteria and prevent the formation of bioﬁlms even in the case of multi-drug resistant strains
such as methicillin-resistant Staphylococcus aureus
[24]. The topological design of the AM porous structure could play an important role in this regard, by
increasing the available surface area by several orders
of magnitude and, thus, amplifying the beneﬁcial
effects of surface treatments. Indeed, a direct comparison between AM porous titanium and corresponding
solid implants has shown that for the same type of
antibacterial surface treatment, the zone of inhibition
is several times larger in AM porous titanium as compared to the solid counterparts [24].
To address both challenges of limited bone regeneration and IAIs, it is often assumed that biofunctionalizing treatments should afford AM porous metals
dual functionalities. This assumption ignores the
important roles of the immune system both in regulating the bone tissue regeneration and clearing infections as well as the interplay between infection
clearance and bone tissue regeneration processes [25].
It is therefore important to assess the immunomodulatory aspects of the biofunctionalizing (surface) treatments applied to AM porous metals.
The inﬂammatory events triggered by biomaterials
have been generally perceived as being detrimental for
the acceptance of the biomaterial in the host, and
therefore the focus has been on minimizing inﬂammation. During such inﬂammatory responses macrophages may derive from peripheral blood monocytes
and become activated, which results in a range of phenotypes encompassing pro-inﬂammatory (M1-like),
or anti-inﬂammatory and tissue repair (M2-like) macrophages. More recent research shows that biomaterials can induce differential immune responses [26–28]
and these may have stimulatory effects on subsequent
osteogenesis [29–36]. These osteoimmunomodulatory effects involve a ﬁne balance between the proinﬂammatory (M1-like) and pro-healing (M2-like)
macrophage subsets, which are activated following
implantation, and their paracrine effects on the
progenitor cells. This balance can be inﬂuenced by
biomaterial properties including surface chemistry,
topography, and hydrophilicity.
From the research so far on titanium surfaces, it is
apparent that titanium surfaces modiﬁed by anodic
2

oxidation [37–39] induce lower pro-inﬂammatory
response relative to the non-modiﬁed surfaces, as conﬁrmed by enzyme-linked immunosorbent assay
(ELISA) and quantitative polymerase chain reaction
(qPCR) analyses of speciﬁc biomarkers in the presence
or absence of lipopolysaccharide (LPS) activation.
Moreover, titanium surfaces modiﬁed by plasma
spraying downregulate the pro-inﬂammatory activity
of inﬂammatory cells while enhancing the expression
of pro-healing and osteogenic factors relative to the
ﬂat control [40]. Another titanium surface treatment
frequently used for dental implants consisting of sand
blasting followed by acid etching to enhance surface
microroughness has been found to trigger larger proinﬂammatory responses as well as higher levels of antiinﬂammatory cytokines relative to the polished titanium [41, 42]. When such surfaces were made more
hydrophilic, the pro-inﬂammatory response was
downregulated [41]. A recent mechanistic study [43]
suggests that spatial conﬁnement of macrophages
reduces expression of pro-inﬂammatory cytokines.
The effect is associated with inhibition of actin polymerization which decreases the activity of the myocardin-related transcription factor A- serum response
factor (MRTF-A-SRF) complex , and consequently the
inﬂammatory response. Although the studies on macrophage responses to various biomaterials and their
underlying mechanisms are scarce relative to the
studies focused on somatic and stem cells [44], their
ﬁndings indicate the potential of surface-induced
immunomodulation as a rational biofunctionality of
implants for orchestrating the biological events leading to tissue morphogenesis.
Here, we studied, for the ﬁrst time, the in vitro
immune response triggered by AM porous titanium
implants surface modiﬁed to minimize their risk of
IAIs while improving the host cell response [24]. The
AM implants were biofunctionalized by plasma electrolytic oxidation (PEO) in the presence of silver nanoparticles. By this method, an oxide layer with
interconnected microporosity, incorporating hydroxyapatite phases and silver nanoparticles is produced
in a single-step process [24].

2. Materials and methods
2.1. AM porous titanium
Volume-porous titanium (Ti-6Al-4V) implants were
rationally designed for the speciﬁc in vitro, ex vivo, and
in vivo models used for evaluating their bone regeneration performance and antibacterial properties [24].
They were fabricated with selective laser melting
(SLM) (SLM-125, Realizer, Borchem, Germany) from
the medical-grade (extra low interstitial (ELI),
grade 23) Ti-6Al-4V powder (AP&C, Boisbriand,
Quebec, Canada) with spherical particles morphology
and sizes between 10 and 45 μm. The pore size of the
implants did not exceed 300 μm since this size has
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been shown to be optimal for bone regeneration
[45, 46], while their diameter was 0.5 mm to ﬁt into
murine femoral bones. Prior to further processing or
analyses, the SLM implants were sonicated for 5 min
in acetone, 96% ethanol, and ﬁnally in distilled water.

2.2. PEO
The AM porous implants were either left non-treated
(i.e. SLM NT group) or were biofunctionalized using a
research PEO setup equipped with a computer-interfaced AC power supply, a cooling system, stainless
steel circular cathodes, and double walled electrolytic
cells [47]. The process was performed under galvanostatic conditions using a bi-component electrolyte
containing 24.0 g l−1 calcium acetate hydrate (CaAc)
(Sigma-Aldrich, St. Louis, USA) and 4.2 g l−1 calcium
glycerophosphate (CaGly) (Dr Paul Lohmann GmbH,
Emmerthal, Germany). The PEO process was performed both in presence (i.e. SLM PEO+Ag group)
and absence (i.e. SLM PEO group) of silver nanoparticles (AgNPs) (Sigma-Aldrich, St. Louis, USA) with a
size distribution between 7 and 25 nm and with a
spherical shape. When present, the silver nanoparticles
were dispersed in the above-mentioned electrolyte at a
concentration of 3.0 g l−1. The oxidation was performed for 5 min under continuous electrolyte stirring. The main PEO conditions used for each
experimental group are summarized in supplementary
table S1, available online at stacks.iop.org/BMM/15/
035017/mmedia. During the process, the voltage
transients were recorded at a sampling rate of 1 Hz.
After the oxidation process, the samples were rinsed
under running tap water for 2 min.

2.3. Biomaterial characterization
The surface morphology of the specimens was
observed with scanning electron microscopy (SEM;
SEM JSM-IT100 JEOL, Tokyo, Japan) using an
electron beam energy of 20 kV and a working distance
of 10 mm. Prior to imaging, the PEO-treated SLM
implants were gold sputtered. Energy dispersive x-ray
spectroscopy (EDS) was used to analyze the elemental
composition of the surface. The concentration of the
ions released in phosphate buffered saline solution
(PBS) from the implants was determined with inductively coupled plasma optical emission spectrometry
(ICP-OES) using a Thermo Fisher iCAP6300 Duo
instrument (Thermo Fisher Scientiﬁc, Waltham, Massachusetts, United States). The specimens from the
SLM PEO+Ag group were placed in brown glass vials
(n=3) containing 1 ml PBS solution and were
incubated in a water bath at 37 °C. The PBS solution
was refreshed at 0.5, 1, 2, 4, and 7 d, and the
concentrations of Ag, Ca, Ti, and Al ions were
measured.
3

2.4. Isolation of human peripheral blood monocytes
Human peripheral blood mononuclear cells
(hPBMCs) were isolated from buffy coats from
different healthy male blood donors purchased via the
Sanquin Blood bank with ethical approval (Sanquin
blood bank, Amsterdam, The Netherlands; contract
number: NVT0053.01), using Ficoll (Ficoll-PaqueTM
PLUS, GE Healthcare, Little Chalfont, UK) density
gradient separation. The buffy coat was transferred
from the blood bag into a T175 ﬂask, and was diluted
with buffer containing PBS (Gibco, Thermo Fisher
Scientiﬁc, Waltham, Massachusetts, USA) with 0.1%
bovine serum albumin (BSA) (Sigma-Aldrich) until
the end volume was approximately 240 ml. 30 ml of
diluted blood was slowly added to 50 ml tubes containing 15 ml Ficoll. The tubes were then centrifuged for
15 min at 1000× g without brake, to perform density
gradient separation. The hPBMCs were isolated from
the plasma/Ficoll interface. hPBMCs were then
labelled with 100 μl of anti-CD14 magnetic bead
solution and monocytes were isolated by CD14
+magnetic-activated cell sorting (MACS) according
to the manufacturer’s instructions (CD14 MicroBeads
human, LS columns and MidiMACSTM Separator, all
from Miltenyi Biotec, Bergisch Gladbach, Germany).
2.5. Transwell culture of human monocyte-derived
macrophages and SLM implants
To investigate the potential effect of ions released from
the different treated titanium surfaces, an indirect
assay was performed. Therefore, the SLM NT, SLM
PEO and SLM PEO+Ag implants (n=6 per group)
with a length of 0.5 cm were sterilized by autoclaving
at 121 °C for 2 h. CD14+monocytes were seeded in a
24-well plate at a cell density of 5×105 cells/cm2 in
1 ml X-vivo medium (Lonza, Verviers, Belgium)
supplemented with 20% heat-inactivated fetal bovine
serum (FBS; Lonza), 50 μg ml−1 gentamycin (Gibco)
and 1.5 μg ml−1 fungizone (Gibco) [48, 49]. For each
well, two implants of 0.5 cm in length were placed in
the transwell insert of 5 μm pore size. Apart from the
three different experimental groups, a positive control
group was included in the experiment consisting of
monocytes cultured without the presence of implants
in the transwell. After 24 h, the medium was refreshed
and after additional 72 h, the cell supernatant from
each experimental group was collected to investigate
the released cytokine concentrations by using ELISA;
see section 2.6.4. for details. In addition, the cells were
imaged by using light microscopy. The experiment
was repeated for three different healthy male blood
donors.
2.6. Culture of human monocyte-derived
macrophages on SLM Ti-6Al-4V implants
Implants from the SLM NT, SLM PEO, and SLM PEO
+Ag groups with a length of 1.0 cm were sterilized by
autoclaving at 121 °C for 2 h. Each implant was placed

Biomed. Mater. 15 (2020) 035017

F Razzi et al

in a 0.2 thin wall PCR reaction tube (BIOplastics,
Landgraaf, The Netherlands) with 5×105 CD14
+monocytes in 100 μl of X-vivo medium supplemented with 20% FBS, 50 μg ml−1 gentamycin and
1.5 μg ml−1 fungizone. The samples were incubated at
37 °C and 5% CO2, and turned 180° every 30 min four
times in order to enable homogeneous cell adhesion
on implant surfaces. After 2 h, implants were transferred to a 48-well plate in 400 μl of X-vivo medium
using sterilized tweezers. A negative control was
included in the experiment, consisting of implants in
X-vivo medium without cells. After 24 h of culture, the
implants were transferred to a clean 48-well plate and
the medium was refreshed. Three days (72 h) after
refreshing, the medium was collected and the samples
were prepared for investigation of cell morphology,
gene expression, cytokines release, and viability.
2.6.1. Cell morphology
The morphology of monocyte-derived macrophages
which attached to the implants was assessed by SEM
imaging after 4 d of culture for ﬁve different donors.
Therefore, the samples were ﬁrstly washed with PBS
and then ﬁxed for at least 2 h at 4 °C in a solution of
PBS with 4% paraformaldehyde (PFA) and 1% glutaraldehyde. Sample dehydration was performed at room
temperature using a series of increasing ethanol
concentrations (i.e. 50%, 70%, and 96%). Finally, the
specimens were allowed to dry overnight in a petridish. Prior to SEM imaging, the samples were gold
sputtered for 2 min. For each surface, both secondary
electron and backscattered modes were used to image
the attached macrophages at different magniﬁcations
(i.e. 100×, 200×, 500×, 1000× and 2000×).
2.6.2. Cell viability
Live/dead staining (CyQuant kit) was performed to
assess the viability of the adhered cells on the implants
after 4 d of culture. The implants with adherent
macrophages in 48-well plate were washed three times
in 0.9% NaCl solution and stained with 300 μl of NaCl
solution containing 0.1% of Calcein AM and 0.15% of
ethidium homodimer (EthD-1). The samples were
incubated at 37 °C for 40 min and rinsed three times in
NaCl solution. The images were taken with a ﬂuorescent microscope at 495/515 nm for Calcein AM and
495/635 nm for EthD-1 using a Zeiss LSM510 Meta
(Carl Zeiss Microscopy, Jena, Germany).
2.6.3. Gene expression analysis
In order to assess the phenotype of monocyte-derived
macrophages attached to the surface of the implants,
expression of genes encoding for pro-inﬂammatory
cytokines IL-6, TNF-α, and IL-1β (speciﬁc for an M1like phenotype) and genes encoding for the antiinﬂammatory factors IL-1RA, IL-10, and CCL18
(speciﬁc for an M2-like phenotype) was analysed. In
addition, expression of genes encoding for M2-like

4

anti-inﬂammatory and tissue repair macrophage cell
surface markers (CD163 and CD206, respectively) and
for factors related to the tissue repair phase (VEGF and
TGF-β1) were investigated (table S2). The expression
of these genes was assessed by qPCR. Therefore, after
4 d of culture, the specimens with the attached
macrophages were placed in a 1.5 ml tube containing
400 μl of TRIzol reagent (Thermo Fisher Scientiﬁc,
Waltham, USA) and stored at −80 °C until the day of
analysis. For the RNA isolation, 80 μl of chloroform
was added to the specimens followed by centrifugation
for 20 min at 12 000 × g and 4 °C to allow for the
separation of the sample phases. RNA was isolated
from the aqueous phase and 200 μl of isopropanol was
added to allow for RNA precipitation. The samples
were centrifuged 10 min at 12 000 × g. Precipitated
RNA was washed twice with 400 μl of 75% ethanol
and quantiﬁed using a NanoDrop spectrophotometer
(Thermo Fischer Scientiﬁc) at 260/280 nm. After
RNA quantiﬁcation, cDNA was synthesized using the
RevertAid First Strand cDNA Synthesis Kit (Thermo
Fischer Scientiﬁc). Therefore, 110 ng of RNA was
incubated with 0.5 μl of Oligo-d(T)18 primer, 0.5 μl
Random Hexamer primer and distilled H2O for 5 min
at 70 °C. After incubation, the tubes were cooled on ice
for 5 min and the enzyme mix containing reaction
buffer, dNTPs, Ribolock inhibitor, and RevertAid
M-MulV Reverse Transcriptase was added. A control
without Reverse Transcriptase and one containing
only distilled H2O were also included. Next, the tubes
were incubated for 5 min at 25 °C, 60 min at 42 °C and
10 min at 70 °C. After cooling to 12 °C, 100 μl distilled
H2O was added to dilute the cDNA of each sample.
qPCR analysis was then performed to quantify gene
expression. For each gene, a mastermix was prepared,
consisting of 5.0 μl of 2× qPCR mastermix (Sybr green
or taqman) and 0.5 μl of primer mix. 5.5 μl of
mastermix and 4.5 μl of cDNA were added to a precooled PCR plate and gene expression was quantiﬁed
using a Bio-Rad CFX96 Real-Time PCR Detection
system (Bio-Rad, Hercules, CA, USA). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
hypoxanthine phosphoribosyl transferase 1 (HPRT1)
were tested as housekeeper genes. The gene expression
relative to GAPDH expression was determined by the
2− ΔCt formula, where ΔCt=Ctsample −
CtGAPDH. Gene expression analysis was performed
for ﬁve different donors. All the primers used for the
qPCR analysis are listed in table S3.
2.6.4. Protein quantiﬁcation
In order to evaluate the concentration of pro-inﬂammatory cytokines (i.e. IL-6 and TNF-α) and tissue
repair-related chemokines (i.e. CCL18) released in the
cell supernatant, commercially available ELISA kits
were used (DuoSet Development Kit; R&D Systems).
After 4 d of culture, cell supernatants were centrifuged
for 5 min at 500 × g, aliquoted in 200 μl and stored at
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−80 °C until the analysis was performed according to
the manufacturer’s instructions. The assay was
repeated for three (ﬁgure 2) or ﬁve (ﬁgure 5) different
donors.
2.7. Culture of human mesenchymal stromal cells
on implants
Human mesenchymal stromal cells (hMSCs) were
isolated from leftover iliac crest bone chip material
obtained from pediatric patients undergoing alveolar
bone graft surgery [50]. Samples were harvested with
the approval of the Erasmus Medical Ethical Committee (MEC-2014-16). Written consent was not required
according to institutional guidelines for the use of
waste surgical material, however an opt out was
available. Cells were plated at approximately
2300 cells cm−2 in complete expansion medium (αMEM containing 10% fetal bovine serum (lot#
41Q204K, Gibco)), 50 μg ml−1 gentamycin and
1.5 μg ml−1 fungizone supplemented with 25 μg ml−1
L-ascorbic acid 2-phosphate and 1 ng ml−1 ﬁbroblast
growth factor-2 (Instruchemie, Delfzijl, Netherlands)
and incubated at 37 °C and 5% CO2 in a humidiﬁed
atmosphere. The medium was refreshed every 3–4 d
until cells reached approximately 80%–90% conﬂuency. The implants (n=4/group) with a length of
1.0 cm each were sterilized by autoclaving at 121 °C
for 2 h. The seeding protocol used was the same as
described in section 2.6. In brief, specimens from the
SLM NT, SLM PEO and SLM PEO+Ag groups were
placed in 0.2 PCR thin wall reaction tubes with
1.5×105 hMSCs in 100 μl of α-MEM supplemented
with 10% FBS, 50 μg ml−1 gentamycin, 1.5 μg ml−1
fungizone, 1 ng ml−1 ﬁbroblast growth factor-2 (FGF2) and 10−4 M vitamin C. The specimens were then
incubated at 37 °C and 5% CO2, and turned 180° every
30 min four times in order to enable homogeneous cell
adhesion on the implant surfaces. After 2 h, the specimens were transferred to a 48-well plate in 400 μl of
culture medium using sterilized tweezers. The medium was refreshed after 24 h and cell morphology and
viability were assessed after additional 72 h by using
SEM imaging and live/dead staining following the
protocols described for human macrophages.
2.8. Statistical analysis
IBM SPSS 24.0 was used for statistical analysis. After
testing normal distribution of the values, linear mixed
models followed by Bonferroni post-hoc correction
were used to determine the statistical signiﬁcance of
the difference between various experimental groups.
The experimental groups SLM NT, SLM PEO, and
SLM PEO+Ag were considered as ﬁxed factors and
donors as random factors. The correlated p-values are
presented in the results. The differences between the
means were considered statistically signiﬁcant
when p<0.05.
5

3. Results
3.1. Surface characteristics
The AM implants (SLM NT group) possessed the
rationally designed 3D volume-porous structure with
struts that exhibited spherical Ti-6Al-4V particles on
their smooth, molten surface (ﬁgure 1(a)). Following
PEO treatment, the surface morphology changed
signiﬁcantly through formation of an interconnected
microporous structure over the entire 3D structure of
the implants (ﬁgure 1(b)). The spherical particles were
therefore less visible, becoming better integrated in the
implant structure (ﬁgure 1(b)). In addition, the surface
showed enhanced local roughness (ﬁgure 1(b)). No
noticeable differences in the surface morphology were
observed following PEO treatment in the presence of
AgNPs, reﬂected also in the similar voltage transients
and sparks evolution during the oxidation of both
types of implants (ﬁgure 1(c)).
The PEO process led to various surface chemistries
both with and without AgNPs (ﬁgures 1(d)–(f)). Ca
and P elements from the electrolyte together with substrate elements (Ti, Al, V) and oxygen were identiﬁed
in the EDS spectra of the SLM PEO implants
(ﬁgure 1(e)). In the case of the SLM PEO+Ag group,
additional Ag peaks associated with nanoparticles
embedded in the oxide matrix appeared in the EDS
spectra (ﬁgure 1(f)). Previous analysis by x-ray diffraction of the SLM PEO-treated implants [24] has indicated the development of crystalline titanium oxide
phases, especially the rutile phase, as well as a hydroxyapatite, a calcium titanate, and other calcium phosphate phases.
3.2. Protein levels and morphology of human
macrophages in indirect cultures
The SLM PEO+Ag implants released around 0.5 ppm
Ag ions after 4 d of incubation in PBS (ﬁgure 2(a)). The
release rates were higher after 0.5 and 1 d (ﬁgure 2(a)).
Comparable proﬁles were obtained for Al and Ti ions
(ﬁgure 2(a)). By comparison, Ca ions showed the
highest concentrations reaching a cumulative value of
ca 14 ppm after 4 d (ﬁgure 2(a)). Calcium is present in
the PEO electrolyte as calcium acetate and calcium
glycerophosphate. During the PEO process, ions from
the electrolyte are incorporated in the growing oxide
layer. Different Ca/P-based compounds may be
formed in the layer depending on the PEO conditions
[24]. During immersion in aqueous solutions, ionic
species of Ca, P are released from such surfaces. The
protein proﬁle of macrophages after 4 d of culture
showed no signiﬁcant differences between cells cultured in indirect contact with the three different
implant types (ﬁgure 2(b)). In addition, the protein
levels were similar to the controls (i.e. cells cultured in
the absence of implants) for all the markers measured
(ﬁgure 2(b)). The cells released both pro- and antiinﬂammatory proteins at various levels, namely
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Figure 1. SEM images and EDS spectra of the SLM NT (a), (d), SLM PEO (b), (e) and SLM PEO+Ag (c), (f) implants.

around 5 ng ml−1 for IL-6 and CCL18, and around
0.4 ng ml−1 for TNF-α (ﬁgure 2(b)). In addition, the
optical imaging of the cells showed similar shapes and
sizes of cells in all experimental groups (ﬁgures 2(c1)–
(c4)). These ﬁndings indicate that none of the ions
released by these surfaces inﬂuenced macrophage
behavior.
3.3. Response of human macrophages attached to
the implant surfaces
The macrophages attached uniformly to all SLM
implants, as indicated by SEM images captured in
the backscattered mode at various magniﬁcations
(ﬁgures 3(a)–(f)). On the SLM NT implants, the cells
revealed mostly a round shape of ca. 5–10 μm in size
and very ﬁne cellular extensions helping their
6

attachment on the locally smooth surface (ﬁgures 3(a),
(b)). Cell–cell contacts were also visible after 4 d of
culture (ﬁgures 3(a), (b)). On the SLM PEO implants,
cells showed a relatively spread morphology and more
cell–cell contacts (ﬁgures 3(c), (d)). By comparison,
macrophages attached to the surface of the SLM PEO
+Ag implants spread less and showed a predominantly round and ﬂat morphology (ﬁgures 3(e), (f)).
No variability in cell morphology was observed
between the different donors investigated.
From the ten different genes analyzed by qPCR
(table S3), nine were detected on SLM NT, seven on
SLM PEO and none on the SLM PEO+Ag specimens
(ﬁgure 4). This trend was consistent for the ﬁve different donors tested (ﬁgure 4). All the three pro-inﬂammatory genes (IL-1b, TNF-a, IL-6) were expressed on
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Figure 2. (a) Cumulative release of ions from SLM PEO+Ag implants; (b) levels of TNF-α, IL-6 and CCL18 proteins released by
human monocyte-derived macrophages after 4 d of indirect culture in the presence of implants; (c1) optical images of the cells in the
control, (c2) in the presence of SLM NT, (c3) SLM PEO and (c4) SLM PEO+Ag implants.

the SLM NT implants (ﬁgures 4(a)–(c)). By comparison, on the SLM PEO surfaces, only the TNF-a could
be detected and the levels were signiﬁcantly lower
(p<0.05) than on the SLM NT implants (ﬁgure 4(a)).
In the case of the anti-inﬂammatory genes, six out of
seven genes were detected on both implants, albeit at
different levels (ﬁgures 4(d)–(i)). Signiﬁcantly higher
expression of IL-1RA (p<0.0001) and CD206
(p<0.01) was detected on the SLM NT specimens
(ﬁgures 4(d), (h)) whereas CD163 was signiﬁcantly
7

more expressed on the SLM PEO surfaces (p<0.01)
(ﬁgure 4(g)). The gene expression levels of CCL18, IL10, and TGF-b1 were comparable on SLM NT and
SLM PEO specimens whereas VEGF was not detected
on any specimens (ﬁgures 4(e), (f), (i)).
In a similar manner to gene expression levels,
ELISA measurements showed that PEO treatment
induced signiﬁcantly lower protein levels of the proinﬂammatory cytokine IL-6 (p<0.0001) and similar
levels of the wound-healing related chemokine CCL18
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Figure 3. SEM images of the human monocyte-derived macrophages (indicated by the white arrows) attached on: (a), (b) SLM
implants; (c), (d) SLM PEO implants; (e), (f) SLM PEO+Ag implants after 4 d of culture.

compared to the non-treated surfaces (ﬁgure 5). As in
the case of gene expression analysis, none of the proteins investigated were detected on the SLM PEO+Ag
specimens (ﬁgure 5).
Taken together, the ﬁndings on gene and protein
expression indicate that the SLM PEO implants have
potential immunomodulatory effects as evidenced by
a reduced pro-inﬂammatory response (both at the
gene and protein levels) relative to the SLM NT
implants and a higher potential to enhance polarization towards M2-like macrophage phenotype.
The viability of the inﬂammatory cells attached to
the three different types of implants, as indicated by
live/dead staining, revealed, as expected, that the cells
could survive on the SLM NT and SLM PEO surfaces
(ﬁgures 6(a), (b)). However, the SLM PEO+Ag
8

implants proved to be cytotoxic for these cells,
explaining the results of the gene and protein analyses
obtained for this type of implant (ﬁgure 6(c)).
3.4. Viability and morphology of hMSCs
hMSCs survived on all surfaces (ﬁgure 7) indicating
that the SLM PEO+Ag implants were not cytotoxic for
these cells, a ﬁnding supported by our previous
research [24] and indicating possible different levels of
Ag toxicity for these two different types of cells. In
addition, hMSCs attached uniformly on all specimens
and covered almost the entire surface of the 3D porous
structures after 4 d of culture (ﬁgure 8). They showed a
full spread morphology and larger sizes relative to
human macrophages being able to bridge the pores of
the SLM implants (ﬁgures 8(a), (c), (e)). These results
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Figure 4. Gene expression of human monocyte-derived macrophages attached to the SLM implants after 4 d of culture. p<0.05 (*);
p<0.01 (**); p<0.0001 (****).

suggest that all the specimens from all groups
supported the early cellular functions of these cells.

4. Discussion
The present study investigated for the ﬁrst time the
response of human primary macrophages to AM porous
9

titanium implants produced by SLM and further modiﬁed by PEO under two different conditions. Whereas
macrophage behavior was not affected by the ions
released from the implants, a differential response was
generated upon direct contact with the implant surfaces.
The SLM NT implants elicited the strongest
inﬂammatory response characterized by relatively
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Figure 5. Proteins released by human monocyte-derived macrophages attached to the implants after 4 d of culture. p<0.0001 (****).

high levels of IL-6, TNF-a, and IL-1b pro-inﬂammatory genes. IL-6 is mostly secreted by M1-like macrophages [50, 51] and may inhibit differentiation and
maturation of osteoblasts [52]. Furthermore, prolonged expression of this cytokine may suggest formation of granulation tissue as part of the wound healing
process [53, 54]. TNF-a and IL-1b are considered indicators of an acute pro-inﬂammatory response [52].
Such factors recruit other inﬂammatory cells to the
implant site. Indeed, some studies have reported that
they can induce osteoblast apoptosis as well as inhibit
osteogenic differentiation, having detrimental effects
on healing, both in vitro and in vivo [55–57]. TNF-a
and IL-1b have also been shown to be implicated in
angiogenesis and the regulation of osteoblast and
ﬁbroblast proliferation during wound healing [58, 59].
Macrophages cultured on SLM NT implants also
expressed anti-inﬂammatory genes, with higher IL1RA and CD206 levels as compared to the SLM PEO
surfaces. IL-1RA is mostly present in the early stages of
the inﬂammation phase with the main role of inhibiting the expression of pro-inﬂammatory cytokines
[28, 60] whereas the presence of CD206, which is a
surface marker of M2-like tissue repair macrophages,
reﬂects the onset of the wound healing process. Furthermore, the presence of both IL-1b and TGF-b1
indicate the transition from a M1-like phenotype,
associated with upregulation of IL-1b, to a M2-like
phenotype when TGF-b1 plays a crucial role [61] by
enhancing the proliferation and differentiation of
osteoblast precursors and stimulating angiogenesis
[62]. Therefore, the results indicate that after 4 d, the
SLM NT implants led to an acute pro-inﬂammatory
response and possible onset of the tissue repair phase.
Surface biofunctionalization of SLM implants by
PEO changed the inﬂammatory response of the
human primary macrophages. A signiﬁcant downregulation of pro-inﬂammatory cytokines was
observed at both gene and protein levels. From the
M2-like markers, IL-1RA gene was strongly downregulated whereas CD163 was upregulated. CD163 is a
surface marker of anti-inﬂammatory M2-like macrophages involved in the downregulation of pro10

inﬂammatory factors [63]. The downregulation of the
pro-inﬂammatory factors and the absence of IL-6,
together with the very low levels of IL-1RA and the
presence of CCL18 and TGF-b1 indicate a dominant
pro-repair microenvironment generated by cells cultured on the PEO-treated SLM implants. Smoothening of the SLM NT surfaces following PEO and the
presence of the micropores have contributed to the
change in macrophage morphology. These changes
could inﬂuence their polarization behavior [29].
Nevertheless, since both surface topography and surface chemistry are changed by the PEO process, a combined effect cannot be excluded. The very few studies
recently published on macrophage response to PEO
surfaces [29, 64] indicate the osteoimmunomodulatory potential of such surfaces. Namely, PEO layers
produced on pure titanium and post-heat treated at
650 °C showing the interconnected PEO microporosity, hydrophilic properties, and crystalline
hydroxyapatite nanoparticles, suppressed the proinﬂammatory response of murine macrophages and
upregulated expression of the anti-inﬂammatory macrophage marker CD163 [29], in line with our ﬁndings.
In another study, PEO layers produced in electrolytes
containing Ca, Si, and Cu-based compounds showed a
favorable inﬂammatory response [64].
Incorporation of AgNPs on the surface of SLM
PEO implants for providing antibacterial functionality
led to cytotoxic effects for the human-blood derived
macrophages. Although the cells attached on these
surfaces, they remained round and ﬂat, indicating
inactive cells [29]. The gene and protein analyses supported the morphological ﬁndings, and the viability
tests conﬁrmed cells death after 4 d of culture on these
surfaces. The fact that the same type of macrophages
was not affected by the ions released from this implant
suggests that the contact with the PEO surfaces bearing the AgNPs is inducing cell death. Interestingly, the
same surfaces revealed no sign of toxicity for the
hMSCs. Moreover, in a previous study [24] we have
investigated the effects of such surfaces on the metabolic activity of hMSCs during one week of culture.
The ﬁndings showed no signiﬁcant difference in the
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Figure 6. Live/dead staining of the human monocyte-derived macrophages attached to: (a) SLM NT; (b) SLM PEO; (c) SLMPEO
+Ag implants after 4 d of culture. Green colour indicates the live cells and orange colour the dead cells.

metabolic activity of the hMSCs cultured on the three
different surfaces within the ﬁrst 4 d of culture. These
indicate that growth and/or proliferation of these cells
in the ﬁrst four days of culture on the three different
surfaces are/is comparable. Therefore, the human primary macrophages seem to be more sensitive to the
presence of AgNPs and such surfaces may lead to a
compromised immune system response in vivo, as
recently observed with Ag bearing titanium surfaces
11

[23]. The results reported in this research are in line
with previous in vitro studies, which show that macrophages, compared to other cell types, are more sensitive to the toxic effects of AgNPs [65]. Particles uptake
and ROS production are higher in macrophages as
compared to epithelial, hepatic, and neuronal cells.
Macrophages are phagocytic cells and internalization
of AgNPs through scavenger receptors present on cell
membrane can occur. Once in the cells, AgNPs release

Biomed. Mater. 15 (2020) 035017

F Razzi et al

Figure 7. Live/dead staining of the hMSCs attached to: (a) SLM NT; (b) SLM PEO; (c) SLM PEO+Ag implants after 4 d of culture.
Green colour indicates the live cells.

Ag ions, which may lead to oxidative stress due to free
radical production. This may result in mitochondrial
damage, inducing apoptotic cell death [66]. However,
in the case of SLM PEO+Ag surfaces, the AgNPs cannot be taken up by the cells as they are attached to the
surface of these implants. Therefore, other possible
mechanisms or triggers should be considered.

12

Attempted phagocytosis may be one of them. The consequent damaging effects of the cell membrane associated with possible high local concentrations of Ag
ions and induced ROS formation could activate signaling pathways (inﬂammasome activation) that can
eventually lead to cell death [67, 68]. More studies are
required to investigate these possible mechanisms and
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Figure 8. SEM images of the hMSCs attached to: (a), (b) SLM NT; (c), (d) SLM PEO; (e), (f) SLM PEO+Ag implants after 4 d of culture.

to optimize the AgNPs level in the PEO layer to ensure
the required sustained antibacterial function without
being cytotoxic for the macrophages.
On the other hand, this study indicates the favorable immunomodulatory effects of the SLM PEO
implants and their support for the early function of the
hMSCs. Since the immune response is also responsible
for the removal of pathogens from the surgical site, the
possible early antibacterial potential of the microenvironment generated by the attached macrophages
should be addressed in addition to the effects of the
observed immune response on osteogenesis. In this
way, the potential of the immune response for both
tissue regeneration and antibacterial activity can be
revealed and used in the endeavor of creating safe and
increasingly functional AM titanium bone implants.
13

5. Conclusions
In summary, this study reveals for the ﬁrst time the
response of human primary macrophages to AM
titanium implants having three different surface
conditions, namely as built, PEO-treated, and PEOtreated in the presence of AgNPs. Signiﬁcantly
different responses were obtained ranging from
cytotoxic effects in the case of AgNPs-bearing surfaces to strong pro-inﬂammatory effects combined
with an early anti-inﬂammatory response in the case
of as built AM implants, and a dominant pro-repair
response in the case of PEO-treated implants. The
immunomodulatory effects observed for the combination of the AM and PEO surface modiﬁcation
should be further explored and harnessed for the
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interrelated osteoimmunomodulation and antibacterial functionalities.
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