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ABSTRACT

Background. Despite the considerable development of the field of orthopedic implants in the
past century, complications including poor bone ingrowth and implant associated infection
(IA) persist to this day, causing a huge burden to millions of patients and the healthcare
systems worldwide. Additive manufacturing (AM) and the subsequent surface
biofunctionalization and antibacterial element incorporation are promising techniques to
achieve dual antibacterial and osteogenic functionalities within a bone implant. In addition,
macrophages are an immune cell type that are known to be essential for the implant success
in the body, by having an intimate crosstalk with mesenchymal stem cells (MSCs) in the
process of new bone formation. However, the behaviour of these immune cells is affected by
environmental cues, including the implant surface properties. Therefore, this work
investigated for the first time the effects of AM titanium implants biofunctionalized via
plasma electrolytic oxidation (PEO) and incorporated with silver nanoparticles (AgNPs) on
the human mesenchymal stem cells (hnMSCs) co-cultured in vitro with human macrophages.
Specifically, the paracrine effects of immune cells on the hMSCs osteogenic differentiation
were studied by the development of an indirect co-culture model.

Materials and methods. AM Ti-6Al-4V implants were biofunctionalized via PEO and
AgNPs incorporation and the surface characterization was performed by a scanning electron
microscope (SEM) and ion release analysis. The effects of such implants on the hMSCs
osteogenic differentiation in vitro were subsequently evaluated by measuring the
mineralization and osteogenic gene expression. In addition, a macrophage-hMSCs indirect
co-culture system was developed in order to study the effects of the macrophage polarization
induced by the implants on the hMSCs osteogenic differentiation by means of a paracrine
communication. The macrophage polarization was characterized by measuring the cytokine
secretion pattern with an ELISA assay and gene expression.

Results. PEO modification of AM implants created TiO, surfaces with interconnected micro
and nanoporosities and the incorporation of AgNPs. The single-culture of hMSCs on PEO
and PEO + Ag implants revealed their ability to promote the osteogenic differentiation and
no detrimental effects were observed in this process by the presence of AgNPs. The
immunological evaluation of the co-culture system revealed similar polarization patterns
when macrophages were cultured on PEO and PEO + Ag surfaces. In addition, factors
secreted by polarized macrophages did not elicit a paracrine effect on the co-cultured hMSCs,
neither enhancing nor inhibiting their osteogenic differentiation.

Discussion and conclusions. Based on the findings gathered in this study, the incorporation
of AgNPs in the PEO layers, under the conditions used in this work, did not compromise the
osteogenic differentiation and mineralization of the hMSCs. In addition, PEO + Ag surfaces
did also not cause any detrimental effects on the paracrine communication of human
macrophages on hMSCs. Therefore, further investigations regarding the
osteoimmunomodulatory potential of these biofunctionalized AM implants are worth
performing, in an attempt to achieve an important additional biofunctionality next to their
proven osteogenic and antibacterial activity. These future researches should include further
optimization of the PEO surface morphology and chemistry as well as the co-culture model
used in this study.
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1. INTRODUCTION

The development of orthopedic implants in the mid-20" century presented an important
breakthrough in the medical field because it suddenly returned the mobility to thousands of
people [1]. Titanium was and is still the material par excellence for oral and orthopedic
implants due to the interesting properties it possesses, including chemical biocompatibility,
mechanical properties and resistance to corrosion [2, 3]. However, those primitive structures
were far from perfect, having many issues and a limited lifespan. Despite the major advances
and efforts in the field, some of those complications including poor bone ingrowth and I1AI
[4] still persist to this day causing a huge burden to millions of patients and the healthcare
system [5]. In addition, the use of orthopedic implants in the medical field is steadily
increasing every year. For example, the number of total hip replacements (THR) in the
Netherlands has increased by 30% since 2010 [4].This trend is expected to continue in the
next decades due to population aging and improvements in medical care [2]. As such, the
development of biomaterials that can support the integration of the implants in the host body
without creating adverse effects is an important current research domain [6]. New implant
surface design methods are being actively developed and pursued to improve the clinical
outcomes of implants.

Among these novel methods, AM has shown promising results. This technique now
enables the fabrication of metallic implants with easily tunable designs and microarchitecture.
In particular, an increase in surface roughness and area can be achieved as a result of the
increased macroporosity of 3D printed structures [7]. Studies have demonstrated that a bigger
surface area enhances bone forming cell adhesion and differentiation, eventually stimulating
the osteogenic differentiation of MSCs [8-10]. These multipotent cells are able to
differentiate into several types of cells, including bone [11]. In addition, biofunctionalization
techniques also enhance surface bioactivity and roughness, and are often required to achieve
a complete osseointegration, which is not possible with AM alone [12]. However, the increase
of the surface area means that the probability of bacterial invasion during surgery is higher,
which can subsequently lead to complications and implant failure [13]. Therefore, the further
biofunctionalization of implants by the incorporation of antibacterial elements is a vital step
forward for the creation of suitable metallic bone substitutes. Extensive research has been
performed in order to combine dual antibacterial and osteogenic functionalities within an
implant [14-17]. Nevertheless, neglecting the vital role that immune cells have within the
bone healing process after implantation and following the traditional strategy of fabricating
inert biomaterials that minimize immune reactions has proven to be insufficient [18-20] with
many implant candidates failing to reach clinical use.

In recent years, researchers have started acknowledging the key role of the immune
system in bone homeostasis (Figure 1). Biomaterial implantation in the body is followed by
an initial plasma protein adsorption and coagulatory cascade. Next, an acute inflammatory
response is initiated via the release of cytokines and chemokines from damaged cells [21, 22].
Neutrophils are first recruited followed within 24-48 hours by monocytes. When reaching the
implant site monocytes differentiate into macrophages and become activated. The
macrophage polarization pattern is a continuum spectrum but two fundamental states exist
[23]: Classically activated/M1, which secrete pro-inflammatory cytokines and play a key role
in the early stage of inflammation by eliminating external pathogens, or alternatively
activated/M2, characterized by the secretion of anti-inflammatory cytokines while enhancing
tissue repair (Figure 2). Both polarization states are necessary but it is only when a fine
balance is maintained that macrophages can release osteogenesis-enhancing factors,
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angiogenic factors and recruit MSCs, leading to a successful new bone formation [24-26] In
addition, the evidence of macrophages’ sensitivity to environmental cues [27], demands an
adequate adjustment of the osteoimmunomodulatory surface properties of biomaterials
including chemical composition, wettability or topography which can result in a desired
macrophage polarization pattern and subsequent osteogenesis [28, 29].

Protein Adsorption Immune Cell Infiltration Macrophage Polarization Host Response

A) Frustrated Immune Response:
Macrophage fusion and fibrosis

Recruits
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Figure 1. Schematic illustration of the role of immune cells in the biomaterial implantation in
the body and new bone formation. First, plasma proteins adhere to the biomaterial and neutrophils
infiltrate into the wound, followed by monocytes. After an initial inflammatory stage, if macrophages
persist with their pro-inflammatory cytokine release, eventually fibrous encapsulation will happen.
However, if they switch towards a pro-regenerative phenotype, new bone will be formed, and the
biomaterial will be successfully implanted into the body. Figure adapted form [23].

a
Classically activated Alternatively activated
macrophages macrophages

o e—

b Classically activated macrophages
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Figure 2. Macrophage polarization spectrum. A) Monochromatic depiction of the two fundamental
macrophage states, M1 and M2. B) Color wheel of the macrophage activation pattern showing the
continuum spectrum of the macrophage populations that exist [25].
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The majority of the in vitro models developed for the study of the effect of modified
titanium surfaces on monocytes/macrophages [30, 31] or stem cells [32-34] are based on
single-cell type models. However, the studies investigating titanium modifications on ‘multi-
cell type’ interactions between stem cells and immune cells are very scarce [35, 36] and
practically non-existent for modified AM porous titanium implants. Therefore, further
investigation in this area is needed.

In this work the effect of biofunctionalized AM porous titanium implants on the
hMSCs co-cultured in vitro with human macrophages was studied for the first time.
Specifically, the focus was given to studying the paracrine effects of immune cells on the
hMSCs osteogenic differentiation by developing an indirect co-culture model (Figure 3). AM
implants were modified by PEO, incorporating also AgNPs. The resulting highly porous
surfaces contained calcium phosphates and AgNPs, making the implant more osteogenic as
well as minimizing the risk of 1Als and having potential immunomodulatory effects as shown
in previous studies using monocultures [20, 34, 37].

7 Osteogenic
S differentiation
> ’ .".f
— H\_Q <
hMSCs Macrophages

'H

Osseointegration

Figure 3. Osteoimmunomodulation paradigm. In this study, the effects of implants treated with

PEO and incorporated with AgNPs on the hMSCs co-cultured in vitro with human macrophages were
evaluated.
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Following the AgNPs-incorporated PEO implant fabrication, biofunctionalization
and characterization by SEM and ion release analysis, the effects of such surfaces on the
hMSCs osteogenic differentiation and matrix mineralization were evaluated by means of
various assays including measuring the calcium concentration in the medium, xylenol orange
labelling or osteogenic gene expression analysis (Figure 4). After that, the same osteogenic
evaluation of hMSCs was performed but when co-cultured with macrophages. The
macrophage polarization pattern was measured by performing a quantification of the cytokine
secretion and the measurement of the expression of certain immunological genes.

L Osteogenic
L’;;‘::?n":t:::;'l?::t?:r" evaluation of hMSC/macrophage
e hMSCs cultured interaction
& characterization on implants
Osteogenic Immunological
evaluation evaluation

Figure 4. Schematic diagram of the research outline.
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2. MATERIALS AND METHODS
2.1 Ti-6Al-4V implant design and fabrication

Ti-6Al-4V implants were previously fabricated following a pre-established design rationale
and protocol [34] with the aim of promoting bone ingrowth by increasing the surface area,
roughness and porosity. Fabrication took place in the Additive Manufacturing Laboratory
(TU Delft, Delft, The Netherlands) by means of a SLM printer (SLM-125, Realizer, Borchem,
Germany) that operated with a YLM-400-AC Ytterbium fiber laser (IPG Photonics
Corporation, Oxford, United States) under an atmosphere containing argon and an oxygen
content of less than 0.2%. Medical grade (grade 23, ELI) Ti-6Al-4V powder particles (APC,
Boisbriand, Quebec, Canada), which were spherical and with particle sizes of 10-45 pm were
used. Following fabrication, vacuum cleaning and ultra-sonication in acetone, 96% ethanol,
and demineralized water was performed in order to remove any possible loose particles that
were created during the 3D printing process. The resulting structures were 40 mm long and
0.5 mm wide, with a pore length of 360 um and pore width of 230 um (Figure 5).

Figure 5. SLM Ti-6Al-4V porous implants after fabrication, with their characteristic design and
morphology and pore length and width shown in white arrows. Figure adapted from [34].

2.2 Surface biofunctionalization via PEO

2.2.1 Fundamentals of the PEO process

AM implants were biofunctionalized by PEO. This technique, also called micro-arc oxidation
(MADO), is an electrochemical surface treatment that generates porous oxide layers on the
surface of certain metals [38]. The applied surface modification can be modulated by
changing the process parameters such as the applied current, time and electrolyte composition
having an influence on the final achieved surface properties. In the case of titanium-based
materials such as Ti-6Al-4V, the applied high constant current causes the native titanium
oxide (TiO,) layer to vastly expand in the first few seconds of the process, causing the voltage
to increase linearly (Figure 6). The potential difference between both sides of the oxide layer
keeps increasing until the breakdown potential is reached. At this point the weakest points in
the structure, which have the lowest resistance, suffer a dielectric breakdown and discharges
occur, resulting in localized plasma formation, sparks and high local temperatures [12]. These
phenomena lead to the formation of pores in the newly formed titanium oxide layer [39].
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In addition to creating a highly porous layer, different elements added in the
electrolyte such as calcium (Ca) or phosphorus (P) can be incorporated into the oxide layer,
further enhancing the biocompatibility of implants. Moreover, antimicrobial elements can
also be added to the electrolyte, such as AgNPs that become entrapped on the porous layer
and prevent biofilm formation by the local release of Ag+ ions which is sustained in time
[40].
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Figure 6. Voltage-time graph showing the different steps involved in the creation of a porous
oxide layer by PEO. Step 1 shows the growth of the dense oxide oxide layer creation phase, while in
step 2 and 3 the dielectric breakdown results in local plasma and sparks formation as well as the
creation of pores by the release of oxygen [41].

2.2.2 PEO-modification of Ti-6Al-4V implants
Ti-6Al-4V implants were treated in two different ways, resulting in two experimental
conditions: 1) PEO-modified implants (i.e. PEO group) and 2) PEO-modified implants with
the incorporation of AgNPs (i.e. PEO + Ag group).

Biofunctionalization took place in the Surface Biofunctionalization Lab (TU Delft,
The Netherlands) by means of a PEO research unit which included an AC power supply (50
Hz, type ACS 1500, ET Power Systems Ltd, Eyam, United Kingdom), a data acquisition
board (SCXI, National Instruments, Austin, Texas, United States), a computer interface, a
thermostatic bath (Thermo Haake V15, Karlsrhue, Germany) and an electrolytic cell made of
double-walled glass, which contained 800 ml electrolyte (Figure 7). The AM titanium
implants represented the anode and a stainless steel cylinder was used as the cathode.

The PEO electrolyte contained 24 g/L calcium acetate (CaA), 4.2 g/L calcium
glycerophosphate (CaGly) and for the PEO + Ag implants, spherical AgNPs in a
concentration of 0.3 g/L (Sigma-Aldrich, St. Louis, Missouri, United States) and with sizes
varying between 7 and 25 nm were added to the electrolyte. When AgNPs were to be
incorporated into the implants, they were added to the electrolyte and the solution was
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sonicated 2 times for 5 minutes and stirred inbetween for 5 minutes at 500 rpm with the help
of a magnetic stirrer (IKA-Werke GmbH Co. KG, Staufen, Germany) and a stir bar of
40x8mm (VWR, Radnor, Pennsylvania, United States), in order to achieve an uniform
particle distribution in the solution.

Samples were oxidated under a current density of 20 A/dm2 for 5 minutes. The
electrolyte was stirred at 500 rpm continuously in order to maintain a distribution of particles
that was homogeneous. In addition, the electrolyte temperature was maintained between 3
and 8°C thanks to the thermostatic bath connected to the electrolytic cell and it was constantly
monitored by means of a sensor. The voltage-time (V-t) transients were recorded at a
sampling rate of 1 Hz during the entirety of the process. After the implant modification
process, samples were cleaned under tap water for 1 minute.

Implant

W

" @ Electrolyti
Y il
< cell~~=x

Figure 7. Overview of the electrochemical cell used for the PEO process. The double-walled cell
containing the electrolyte was connected to an AC power supply through the implant that worked as
anode and stainless steel cathode. The thermostatic bath kept the electrolyte cool and the temperature
was monitored by a sensor.

2.3 Biomaterial characterization

2.3.1 Surface characterization
The biofunctionalized implant surface morphology was analysed using a scanning electron
microscope (SEM, JSM-IT100LV, JEOL, Tokyo, Japan) with an electron beam energy
ranging between 10-20 kV and 10 mm of working distance. A secondary electron detector
(SED) mode was employed, which detected secondary electrons originating from the surface
of the implant after previously being bombarded by an electron source. Before imaging,
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samples were sputtered with a gold layer for 30 seconds in order to improve their electrical
conductivity. The effects of the PEO process on the biomaterial surface morphology were
observed by SEM at 50x and 500x magnifications.

2.3.2 lon release analysis
An Inductively coupled plasma - optical emission spectrometry (ICP-OES) was used in order
to measure the Ag ions released from PEO and PEO + Ag treated implants. This technique
makes use of a plasma that excites the electrons of the elements present in a solution and is
able to detect the characteristic wavelengths of the photons emitted by a respective element
when the electrons move back to their initial energy state.

PEO and PEO + Ag implants were cut in 1cm pieces and inserted into dark Eppendorf
tubes (Eppendorf, Kerkenbos, The Netherlands) with 1 ml of PBS. Tubes were placed in
technical triplicates in a tube rack covered by parafilm inside a water bath and they were
incubated at 37°C. After 1 day, implants were inserted in new Eppendorf tubes with fresh
PBS. These tubes corresponded to timepoint 2. This procedure was repeated for every
timepoint (day 1, 2, 4, 7, 16, 21 and 28). The Eppendorf tubes with PBS collected at each
timepoint were stored at 4°C until the ion release analysis was performed. For improving the
Ag ion detection, 7 ml of 3% nitric acid were pipetted to the 1ml samples at each timepoint.
A control was also included which consisted of PEO only treated implants.

2.4 Cell isolation and seeding

2.4.1 Human Pediatric MSCs isolation and expansion

The isolation of human pediatric MSCs was performed from the leftover iliac crest bone chip
from 3 different male donors undergoing cleft palate reconstructive surgery (ages 9-10), as
previously described [42]. Cells at passages 2 or 3 were thawed and subsequently plated at
2300 cells/cm? in complete hMSC expansion medium (aMEM (Gibco, ThermoFisher
Scientific, Breda, The Netherlands) supplemented with 10% v/v heat inactivated fetal bovine
serum (FBS) (Sigma Aldrich, St. Louis, Missouri, USA, lot #BCCDO0778), 50 pg/mL
gentamycin, 1.5 pg/mL Amphothericin B, 25 pg/mL L-ascorbic acid 2-phosphate (Sigma
Aldrich, St. Louis, Missouri) and 1 ng/mL fibroblast growth factor-2 (FGF,) (Instruchemie,
Delfzijl, The Netherlands)). Cells were expanded at 37°C and 5% carbon dioxide (CO) in a
humidified atmosphere until reaching 80-90% confluency.

2.4.2 Human Pediatric MSCs seeding on implant surfaces

PEO and PEO + Ag implants were cut in 1 cm pieces and steam sterilized at 121°C for 90
minutes by means of an autoclave. Under sterile conditions, each implant was placed in
0.2 ml tubes (BIOplastics, Landgraaf, The Netherlands). Cells were lifted out of the culture
flask via trypsinization and were seeded at a density of 1.5x10° human hMSCs in 100 pl
complete MSC expansion medium in the tubes containing the implants. They were incubated
at 37°C for 2 hours, while rotating them 180° every 30 minutes, in order to ensure that cells
adhered evenly to the whole implant surface area. After the incubation, fresh 500 pul complete
MSC expansion medium was placed in a 24 non-treated well plate (ThermoFisher Scientific,
Denmark) and implants were transferred there using sterilized tweezers.

2.4.3 Human CD14+ monocyte isolation from buffy coat
The isolation of human CD14+ monocytes from buffy coats was performed by means of
Ficoll (Ficoll-PaqueTM PLUS, GE Healthcare, Little Chalfont, UK) density gradient
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separation and CD14+ magnetic-activated cell sorting (MACS). The Sanquin Blood bank
(Sanquin blood bank, Amsterdam, The Netherlands; contract number: NVT0053.01)
provided the buffy coats from the 3 different male donors for this study.

The buffy coats were transferred from the blood bag to a T175 flask (Flacon, St.
Louis, USA) and were diluted with wash buffer which contained phosphate buffered saline
(PBS) (Gibco, ThermoFisher Scientific, Waltham, Massachusetts, USA) and 0.1% w/v
bovine serum albumina (BSA) (Sigma Aldrich, St. Louis, Missouri, USA) until the end
volume was 240 ml. After the first centrifugation for 10 minutes at 220 g, the upper 15 ml
layer of every 40 ml tube was removed, which contained the thrombocytes. The remaining
blood was further diluted with wash buffer and 240 ml of solution was obtained. The diluted
blood was separated into eight 50 ml tubes with 15 ml Ficoll solution. Each tube was slowly
filled with 30 ml of blood, while keeping them at < 30°angle in order to avoid the mixing of
the blood with the Ficoll.

Density gradient separation was performed by spinning the tubes at 1000 g with no
brake for 15 minutes. This method takes advantage of the different density of blood cells in
the sample [43]. During centrifugation, cells are separated in the solution in different layers
based on the difference in their density/sizes (Figure 8). Due to their lower density, peripheral
blood mononuclear cells (PBMCs) can be found in the interphase between Ficoll and plasma.
The Ficoll/plasma interphases were isolated and repeatedly centrifuged for 10 minutes at 800
X g, while collecting the supernatants in between. The process was repeated until no
supernatant was visible anymore. Pellets were diluted with PBS, containing 0.5% w/v BSA
and 2mM EDTA (Invitrogen, Carlsbad, California, USA) and any possible clumps were
removed by filtering them through a 30 pum filter.

Plasma

Blood g "
Centrifugation PBMC

Density Gradient Medium

Density Gradient Medium ' Granulocytes, Erythrocytes

Figure 8. Schematic overview of the different steps involved in the density gradient separation
process. After thrombocyte removal, a density gradient medium is added to blood samples. Following
centrifugation, cells are separated in the solution in layers based on the difference in their density/sizes.
Image adapted from [44].

Monocyte isolation was performed by first labelling PBMCs with 100 pl of anti-
CD14+ magnetic bead solution (Miltenyi Biotec, Bergisch Gladbach, Germany) by
incubating them at 4°C and in the dark for a period of 20 minutes. Subsequently, the cell
suspension was applied to a CD14 + magnetic-activated cell sorting (MACS) (Miltenyi
Biotec, Bergisch Gladbach, Germany). Monocytes are known to have high expressions of the
CD14 cell surface receptor. When the CD14+ labelled cell suspension is applied to a MACS
column and magnet, the strong magnetic field captures those cells that have an anti-CD14+
bead attached to them, which correspond to those cells that possess the CD14 surface marker.
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2.4.4 Human monocyte seeding on implant surfaces

PEO and PEO + Ag implants were cut in 1 cm pieces and steam sterilized at 121°C for 90
minutes by means of an autoclave. Under sterile conditions, each implant was placed in
0.2 ml tubes (BlOplastics, Landgraaf, The Netherlands) and was seeded with 5x10° human
CD14+ monocytes in 100 ul X-vivo 15 medium (Lonza Group GA, Basel, Switzerland)
supplemented with 20% v/v heat inactivated FBS, 50 mg/ml gentamycin and 1.5 mg/ml
Amphothericin B. The implants were incubated at 37°C for 2 hours, while rotating them 180°
every 30 minutes, in order to ensure that cells adhered evenly to the whole implant surface
area (Figure 9). After the incubation, fresh 400 ul of X-vivo medium was placed in another
48-well plate and implants were transferred there by means of sterilized tweezers.

Y - [,
W =5

(1) (2) (3) (4)
Buffy coats from 2 Seeding of CD14+ Incubation of cells with Transfer implants to a 48
male donors. monocytes on implants. implants. Rotate tubes well plate.
every 30 mins for 2 hours.

Figure 9. Schematic overview of the experimental setup for CD14+ monocyte seeding on the
implants.

2.5 Invitro osteogenic evaluation of hMSCs cultured on PEO

biofunctionalized implants
The hMSCs were cultured on the implants in order to evaluate the effects of the PEO-
modified surfaces on the osteogenic activity of the cells. Cell extracellular matrix (ECM)
calcification and morphology and osteogenic gene expression levels were investigated.

2.5.1 ECM mineralization

2.5.1.1 Calcium concentration in culture medium

The process of osteogenic differentiation of hMSCs can be monitored by measuring the
calcium concentration in the medium at various timepoints. Osteogenically differentiating
hMSCs are characterized by taking up calcium from the medium to start the mineralization
of their matrices, forming calcium deposits. The calcium uptake assay is a colorimetric assay
based on the reaction of calcium with o-cresophthalein complexone in an alkaline solution.
When the Ca?*-o0-cresophthalein complex is formed, the color of the medium changes from a
light brown-greyish to a bright purple-pink colored complex. The calcium concentration
present in the sample is proportional to the intensity of the pink-purple color formed and can
be measured with a spectrophotometer at 570 nm.

Following 24 hours of culture in complete expansion medium, three 1 cm implants
were transferred per well in technical triplicates and per experimental group to a 24 non-
treated well-plate containing 250 ul of osteogenic induction medium (high-glucose DMEM
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(Gibco, ThermoFisher Scientific, Breda, The Netherlands) supplemented with 10% v/v heat
inactivated FBS, 50 pg/mL gentamycin, 1.5 pg/mL Amphothericin B and fresh 0.1 uM
dexamethasone, 0.1 mM L-ascorbic acid 2-phosphate and 10 mM [-glycerophosphate
(Sigma-Aldrich, St. Louis, Missouri, USA)). Cells were cultured at 37°C and 5% CO, and
the medium was refreshed every 3-4 days. Control wells were also included, consisting of
implants with no cells and were also cultured in osteogenic induction medium.

200 pl of cell culture supernatant was collected at timepoints 3, 7, 10, 14, 17, 21 and
24 days and stored at -20°C until the calcium assay was performed. Implants were moved to
another well plate at day 14 in order to avoid the interference of cells detached from the
implants. An eight-point standard curve was made with calcium chloride (CaCl,) in a
concentration range of 0-3 mM in calcium free aMEM (Gibco, ThermoFisher Scientific,
Breda, The Netherlands, catalogue n. # 041-91867M, lot #2283388 ) and those known values
were used in order to calculate the calcium concentration present in each sample. 10 pl of
sample were mixed with 100 pl of calcium reagent (1+1 mix of 1 M ethanolamine pH 10.5
and 0.35 mM o-cresophthalein complexone, 19.8 mM 8-hydroxyquinoline and 0.6 M
hydrochloric acid, all from Sigma-Aldrich, St. Louis, Missouri, USA)) and the optical density
of each sample was determined by a VersaMax spectrophotometer (Molecular Devices, San
Jose, California, USA) at a wavelength of 570 nm.

2.5.1.2 Xylenol orange labelling
The mineralization of the ECM of osteogenically differentiating cells can be visualized by a
xylenol orange labelling. This fluorochrome is known to bind to newly formed calcified
tissues and can be analyzed by a fluorescence source [45].

Xylenol orange tetrasodium salt (Honeywell Research Chemicals, Charlotte, US) was
added in a concentration of 20 uM after 3 days of medium switch to osteogenic induction
medium and in every medium refreshment. At day 31 images of the live cells were taken
using a confocal microscope (ZEISS LSM 510 Meta inverted confocal microscope, Zeiss,
Cologne, Germany). A control was also included which consisted of implants cultured in
xylenol orange but with no cells.

2.5.1.3 ECM morphology

The morphology of the mineralized ECM of cells was observed by SEM (JSM-IT100LV,
JEOL, Tokyo, Japan). After culturing them for 24 days, cells were rinsed in PBS and then
fixed with 4% wi/v paraformaldehyde (PFA) and 1% v/v glutaraldehyde in PBS for two hours
at 4°C. Then, cells were dehydrated gradually in increasing ethanol solutions (50, 70 and
96%) and were dried in an Eppendorf tube (Eppendorf, Hamburg, Germany) for at least two
hours. The samples were mounted on an aluminium stub with a carbon sticker and were gold
sputtered for 1 minute in order to enhance their electrical conductivity. Images were taken at
SED mode at 50x and 500x magnifications.

2.5.2 Gene expression analysis
The osteogenic gene expression levels of osteogenically differentiated hMSCs were assessed
by a reverse transcription quantitative polymerase chain reaction (RT-gPCR). This technique
comprises three steps: mMRNA isolation, reverse transcription (RT) for complementary DNA
(cDNA) synthesis and quantitative polymerase chain reaction (QPCR).

2.5.2.1 RNA isolation
Cells were harvested at day 7 of osteogenic differentiation and lysed by the addition of 400
Hl RNA STAT-60 (Tel-Test, Friendswood, Texas, US). RNA STAT-60 disrupts the cells but
maintains the RNA integrity by inhibiting the RNAse activity. Samples were collected and
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stored at -80°C until the mRNA isolation was performed (Figure 10). First, a phase separation
was performed by adding 80 pl of chloroform to each sample and centrifuging them for 15
minutes at 12.000 g. RNA could be found in the aqueous phase of the tube, which was
collected and an equal volume of 70% v/v ethanol was added. This solution was loaded in a
RNeasy micro column (Qiagen, Germantown, USA) and centrifuged for 30 seconds at 8.000
g. RNA is precipitated onto the RNeasy column in this step. Next, salts were removed from
the medium by adding 350 pl buffer RW1 (guanidine salts and ethanol) and centrifuging
columns for 30 seconds at 8.000 g. Residual genomic DNAse was removed by adding 75 pl
of DNAse buffer (10 pl DNAse (Qiagen, Germantown, USA, supplied with kit) and 70ul
buffer RDD per sample). After 15 minutes of incubation at room temperature, DNAse and
residual salts were further removed by addition of 350 pl buffer RW1, 500 pl of RPE and
500 ul 80% v/v ethanol and centrifuging 30 seconds at 8.000 g in between the addition of
each reagent. After the last wash, the columns were centrifuged with open caps for another 5
minutes at 8.000 g to ensure that columns were dry, and all traces of ethanol were removed.
RNA was eluted from the columns in 16 pl of RNAse free ddH,O. Following 1 minute of
incubation, a 1 minute centrifugation of the columns was performed at 8.000 g. This last step
unbinds the isolated RNA from the RNeasy column, transferring the freshly isolated RNA to
a 1.5 ml tube. Finally, the total isolated RNA was quantified by means of a
spectrophotometer/fluorometer (DSS-11 Series Spectrophotometer/fluorometer, DeNovic,
Wilmington, USA) at 260/280 nm.

Load aqueous phase to l
Agu s phas A-bi N Spin, wash and elute
Add chloroform queous phase  RNA-binding column |

|
‘I [
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./
v

Sample in RNAstat Phase Separation Eluted RNA

Figure 10. Schematic overview of the different steps involved in the RNA isolation process using
a RNeasy micro column.

2.5.2.2 cDNA synthesis
After RNA quantification, a two-step RT-gPCR approach was followed (Figure 11) to obtain
the gene expression of differentiating hMSCs. Firstly, cDNA was synthesized via RT process,
in which a reverse transcriptase enzyme creates the complementary DNA from the isolated
RNA samples. The RevertAid First Strand cDNA Synthesis Kit (Thermo Fischer Scientific,
Waltham, Massachusetts, USA) was used to perform the synthesis, following the
manufacturer’s instructions. Briefly, the previously isolated RNA was incubated with 0.5 pl
of Oligo-d(T)18 primer, 0.5 pul Random Hexamer primer and ddH,O for 5 minutes at 70°C.
The volume of sample taken depended on the concentration of RNA present in each sample
and the added amount of water was adjusted in each case to obtain 12 pl of final volume.
After keeping the samples at 5 minutes in ice, the enzyme mix containing reaction buffer,
dNTPs, Ribolock inhibitor and RevertAid MMulV Reverse Transcriptase was added to each
sample. Two controls were also included in the analysis: a sample without Reverse
Transcriptase and a no template control, containing ddH20, enzymes, dNTPs and buffer, but
no sample. Samples were incubated first for 5 minutes at 25°C, then 60 minutes at 42°C and
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finally 10 minutes at 70°C. After cooling down to 12°C, cDNA samples were diluted by the
addition of 100 pl ddH,0 to each sample.

2.5.2.3 RT-gPCR

The second step of the two-step RT-gqPCR approach is to perform the gPCR to quantify the
hMSCs gene expression. The gene expression level in a cell can be measured by quantifying
the amount of copies of an RNA transcript of that gene. The gPCR is a technique that monitors
the amplification of a cDNA sample previously obtained from an RNA sample. This
technique is based on the use of fluorescent dyes and primers specific to each gene, such as
TagMan FAM/TAMRA probe or SYBR Green dye that bind to specific cDNA strands and
emit increasing fluorescence as the quantity of produced DNA increases. The amount of
obtained fluorescence signal is proportional to the levels of expression of a gene in a cell
sample. A mastermix solution was prepared for each gene, composed of 5.0 ul of 2x qPCR
mastermix (TagMan Universal PCR mastermix (Thermofischer), or gPCR Mastermix Plus
for SYBR Greenl (Eurogentec)), 0.5 pl of primer mix and 2.5 pl of ddH,0. 8 pl of mastermix
and 2 pl of cDNA were pipetted to a PCR plate and a Bio-Rad CFX96 Real-Time PCR
Detection system (Bio-Rad, Hercules, CA, USA) was used to quantify the gene expression.

dNTPs. dNTPs

Oligo (dT) and/or 7 v/ A Water
random primers /2. i\ J

(diluted)

Reverse transcription

Figure 11. Schematic overview of the different steps involved in the two-step RT-gPCR assay.
Image adapted from [46].

The best housekeeper index (BKI) was calculated by performing the geometric mean
expression of the genes Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Beta-2-
Microglobulin (B2M) and Ubiquitin C (UBC). This index allowed for the normalization of
each gene expression value. The hMSCs osteogenic differentiation was studied by measuring
the gene expression of certain osteogenic genes that are known to be characteristic of the
osteogenic differentiation process. The full list of osteogenic genes and primers can be found
in Table 1. Early and late osteogenic markers were used. The following equation was used to
calculate the gene expression relative to the BKI expression: Gene Expression = 27464, where
ACq = Cq from gene of interest -Cq from BKI.
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Table 1. List of early and late osteogenic markers and housekeeper genes with the corresponding
primers and probes used for RT-gPCR analysis.

Gene Forward (5°- 3’°) | Reverse (5’- 3°) Probe (FAM, 5’- 3?)
Early COL-1 CAGCCGCTTCACCTA | TTTTGTATTCAATCACTGTC | CCGGTGTGACTCGTGCAGCCA
osteogenic CAGC TTGCC TC
g RUNX2 | ACGTCCCCGTCCATC | TGGCAGTGTCATCATCTGAA | ACTGGGCTTCTTGCCATCACC
marker CA ATG GA
Late ALPL GACCCTTGACCCCCA TGGACTACCTATTGGGTCTCT
osteogenic CAAT GCTCGTACTGCATGTCCCCT | TCGAGCCA
9 IBSP TGCCTTGAGCCTGCT | GCAAAATTAAAGCAGTCTT | CTCCAGGACTGCCAGAGGAA
marker TCC CATTTTG GCAATCA
GAPDH ATGGGGAAGGTGAA TAAAAGCAGCCCTGGTGAC CGCCCAATACGACCAAATCCG
GGTCG C TTGAC
TGCTCGCGCTACTCT TCTGCTGGATGACGTGAGTA
Housekeepers | B2M CTOTTT ARC
ATTTGGGTCGCGGTT TGCCTTGACATTCTCGATGG
UBC CTTG T

2.6 Invitro interactions between hMSCs and macrophages
In order to investigate the effect of macrophage polarization induced by PEO/PEO + Ag
implants on hMSCs osteogenic differentiation via paracrine communication an indirect co-
culture model was developed in this study. The development of the model is presented in the
following sections.

2.6.1 hMSCs and macrophages indirect co-culture

hMSCs were isolated and seeded on various samples as explained in sections 2.4.1 and 2.4.2
for 24 hours in expansion medium. Monocytes were seeded on various samples as explained
in sections 2.4.3 and 2.4.4 and were cultured in X-vivo medium for 48 hours. After that time,
both types of cells on the implants were placed together in a non-treated 12 well plate in 800
ul of co-culturing medium (high-glucose DMEM (Gibco, ThermoFisher Scientific, Breda,
The Netherlands) supplemented with heat inactivated 10% v/v FBS, 50 pg/mL gentamycin,
1.5 pg/mL Amphothericin B and fresh 0.1mM L-ascorbic acid 2-phosphate (Sigma-Aldrich,
St. Louis, Missouri, USA)). For each cell type, seeded implants were placed in every well in
triplicates and a separating line was formed with 0.5 ml of 2% w/v agarose in the middle of
the well to avoid any possible direct contact between the two different types of cells.
However, both cells shared the same medium. After three days of co-culture, the implants
with hMSCs and macrophages were separated for further immunological and osteogenic
evaluations. Figure 12 shows the steps involved in the setting up of the co-culture.
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Figure 12. Schematic diagram of the hMSCs and macrophage indirect co-culture setup.

2.6.2 Immunological evaluation of macrophages in co-culture

2.6.2.1 Gene expression analysis
Macrophages were harvested after 3 days of co-culture and the expression of pro-osteogenic,
pro- and anti-inflammatory and tissue-repair genes were assessed by means of a reverse
transcription quantitative polymerase chain reaction (RT-gqPCR) as explained previously in
section 2.5.2. The full list of genes and primers used for this evaluation are listed in Table 2.

Table 2. List of pro- and anti- inflammatory, tissue-repair, pro-osteogenic and housekeeper
genes with the corresponding primers and probes used for RT-gPCR analysis.

Gene Forward (5°- 3°) Reverse (5°- 3°) Probe
. TCGAGCCCACCGGGAACG | GCAGGGAAGGCAGCAGG
Pro-inflammatory IL-6
AA CAA
- - GCACCATGGCCCTCTGCT GGGCACTGGGGGCTGGTT
Tissue-repair CCL18 oo Tc
- - GCGGGAGAGTGGAAGTG GTTACAAATCACAGAGAC
Anti-inflammatory | CD163 AAAG cGCT
GACGCTGCTCAGTCTGGT AGCACGCGGTACTCTTTC
OSM oc G
PrO'OSteogemC BMP2 TagMan assay on demand: Hs00154192_m1 (Applied Biosystems, Foster city, CA, USA)
PTGS2 TagMan assay on demand: Hs00153133_m1 (Applied Biosystems, Foster city, CA, USA)
GAPDH ATGGGGAAGGTGAAGGTC | TAAAAGCAGCCCTGGTGA | CGCCCAATACGAC
G CcC CAAATCCGTTGAC
TGCTCGCGCTACTCTCTCT | TCTGCTGGATGACGTGAG
Housekeepers B2M T TAAAC
ATTTGGGTCGCGGTTCTT TGCCTTGACATTCTCGAT
UBC G GGT
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2.6.2.2 Protein secretion analysis

An enzyme-linked immunosorbent assay (ELISA) was employed to study the macrophage
polarization pattern that happened during the co-culture with hMSCs. This can be achieved
by analyzing the macrophage secretion levels of different factors. More specifically, in this
study the secretion levels of the pro-inflammatory cytokine IL-6, characteristic of M1
proinflammatory macrophages, and the tissue repair-related chemokine CCL18,
characteristic of M2a anti-inflammatory macrophages released in the supernatant were
evaluated.

After 3 days of co-culture, macrophages were transferred to a non-adherent 24 well
plate with 500 pl co-culturing medium and 24 hours later 400 pl of cell supernatant was
collected and stored at -80°C in 1.5 ml tubes (Eppendorf, Hamburg, Germany) until the
analysis was performed. Commercially available ELISA kits were employed (DuoSet
Development Kit; RD Systems, Mckinley, Minneapolis, USA), which used the sandwich
ELISA method (Figure 13). Firstly, 100 ul of capture antibody was pipetted into a 96-well
plate and were incubated overnight at room temperature. The next day, each well was washed
three times with 400 ul of wash buffer which contained PBS and 0.5% v/v Tween (Sigma-
Aldrich, St. Louis, Missouri, USA) in order to remove residual unbound antibodies. The
addition of 300 ul reagent diluent composed of 10% v/v reagent diluent concentrate (RD
Systems, Mckinley, Minneapolis, USA) to each well ensured that any remaining protein-
binding sites on the plate was blocked. After 1 hour of incubation at room temperature, the
washing was repeated. Then, 100 ul of sample or standards were pipetted in duplicates. After
2 hours of incubation and subsequent washing of plates, 100 pl of biotin labelled detection
antibody was added to each well, which binds to any antigen present in the well. Following
another 2 hours of incubation and subsequent washing of plates, 100 pl of streptavidin-HRP
solution was pipetted and the plate was incubated avoiding light exposure during 20 minutes
at room temperature. After a final wash and incubation with 100 pl of substrate solution (1
H,0,: 1 tetramethylbenzidine (TMB), supplied with the kit) for 20 minutes, 50 pl of stop
solution (2N H,SO,) was pipetted to the wells. The substrate solution is converted by
streptavidin-HRP to a colored product in proportion to the amount of analyte present in the
sample. Finally, a Spectramax ID3 (Molecular Devices, San Jose, California, USA) at a
wavelength of 450 nm and 540 nm was used to determine the optical density of each well.
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Figure 13. Schematic overview of the different steps involved in the sandwich ELISA assay [47].
(1) A layer of capture antibodies is formed in the bottom of the wells and the blocking buffer blocks
any remaining protein-binding site. (2) Any targeted antigen in the sample binds to the capture
antibody. (3) A biotin labelled detection antibody binds to the antigens, forming the “sandwich”. (4)
The enzyme streptavidin-HRP complex is bound to the detection antibody. (5) The TMB substrate
solution is transformed onto a colored product by the antibody streptavidin-HRP complex.

2.6.2.3 DNA quantification
The DNA content of macrophages incubated with implants was quantified after 3 days of co-
culture and 1 day of single-culture. The quantification was performed to measure the number
of cells that managed to bind to each surface type as well as to normalize the protein content
in the culture media measured with ELISA. This allows for the adjustment of the variation in
cell number and for the determination of the amount of cytokines produced per cell.

Implants with adhered macrophages were harvested and stored at -80°C in 1.5 ml
tubes (Eppendorf, Hamburg, Germany). The DNA quantification was performed by the use
of a CYQUANT cell proliferation assay (Invitrogen, Carlsbad, California, USA). Firstly, cells
attached to the biomaterials were lysed and digested for 16 hours at 60°C in 200 ul papain
digestion solution, composed of 250 pg/ml Papain and 0.01 M Cysteine-HCL (Sigma
Aldrich, San Luis, Missouri, USA) in 0.2 M NaH,PO, and 0.01 M EDTA.2H,0, pH 6.0.
Next, a 96-well plate was filled with either 50 pl samples or standard in duplicate. 250 pl 1U
heparin solution and 125 ul of ribonuclease type 3 were added to each well to remove RNA
from the samples, which is also able to bind to the dye and can give a false signal. After
incubating the samples for 30 minutes at 37°C, 0.375 ul of CYQUANT GR dye was pipetted
to each well. This fluorescent die strongly increases its signal when bound to nucleic acids
[48]. Finally, the fluorescence value of each well was determined on a Spectramax 1D3
(Molecular Devices, San Jose, California, USA) at a wavelength of 480 nm for the excitation
and 520 nm for the emission.
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2.6.3 Osteogenic evaluation of hMSCs in co-culture

2.6.3.1 ECM mineralization: calcium concentration in culture medium
After 3 days of co-culture, three 1 cm implants with hMSCs were transferred to a 24 non-
adherent well plate per well with 250 pl of osteogenic induction medium and were cultured
for 21 days. 200pl of cell culture supernatant was collected at timepoints 3, 7, 10, 14, 17 and
21 days and a calcium assay was performed as previously explained in section 2.5.1.1.

2.6.3.2 Gene expression analysis
Co-cultured hMSCs were further cultured in a non-adherent 24 well plate with 250 pl of
osteogenic induction medium for another 7 days, then they were harvested. The expression
of osteogenic genes was assessed by means of the RT-gPCR technique as explained
previously insection 2.5.2. The full list of osteogenic genes and primers can be found in Table
1.

2.7 Statistical analysis
IBM SPSS 25.0 was employed for the statistical evaluation in this study. The figures portray
mean value +- standard deviation. The Kolmogorov-Smirnov test was used to test the normal
distribution of the data. Then, a linear mixed model was used followed by the Bonferroni
post-hoc test. The different implant conditions were considered as fixed factors and the
donors as random factors.
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3.RESULTS

3.1 Implant characteristics

PEO treatment of the AM implants modified the surface morphology through the creation of
a thick titanium oxide layer and interconnected micro- and nano-porous structures (Figure
14. A, B). The incorporation of AgNPs did not change the topographical features of the
surfaces (Figure 14. C, D). In addition, similar voltage transients were observed for both types
of implants (Figure S1).

The incorporation of AgNPs into the PEO + Ag implant surfaces was confirmed
through the analysis of Ag ion release pattern in PBS (Figure 14. E). A constant increase of
the total ion concentration was observed, reaching to a cumulative value of over 800 ppb at
day 28.
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Figure 14. Surface characterisation. (A,B) SEM images showing the characteristic surface
morphology of the PEO-modified AM implants. (C,D) SEM images of the PEO + Ag implants. (E)
Cumulative Ag ion release pattern in PBS over a period of 28 days.
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3.2 Osteogenic evaluation of hMSCs attached to implant

surfaces

hMSCs originating from 3 different donors were cultured with PEO/PEO + Ag surfaces in a
monoculture and their osteogenic activity was evaluated.

hMSCs cultured on implant surfaces significantly increased their calcium uptake
from day 14 onwards compared to day 3 as evidenced by a 0.2 relative decrease in the
concentration of Ca?* in the culture medium (Figure 15. A). No significant differences were
observed between PEO and PEO + Ag implants. In addition, after day 10 Ca?* levels in culture
medium in controls (i.e. implants cultured in the absence of cells) were significantly higher
than for implants cultured with cells suggesting that free Ca?* ions present in the medium did
not show a tendency to attach to the bare biomaterials (Figure S2).

hMSC mineralization was further investigated by a xylenol orange labelling of newly
forming calcium deposits. Confocal images detected a positive signal for calcium on the
hMSCs cultured on both PEO and PEO + Ag groups at day 31 of culture, but not on the
control group (i.e., implants cultured with xylenol orange in the absence of cells) (Figure 15.
B).

Morphology of mineralized ECM of cells was visualized by SEM imaging at day 24
revealing the ability of the cells to completely cover the implants and produce an abundance
of matrix (Figure 15. C). Interestingly, very fine structures of ca. 0.5-1 pm were observed at
2000x magnification, suggesting the presence of collagen fibers, characteristic for the ECM
of MSCs (Figure 15. C3).

Another analysis of the osteogenic commitment of MSCs was gene expression. The
results showed that the expression levels of selected genes related to osteogenesis (COL1,
RUNX2, ALPL and IBSP) were comparable on hMSCs cultured on both PEO and PEO + Ag
implants at day 7 of the culture (Figure 16). Their Cq values can be found in Table S1.

Taken together, these findings suggest that hMSCs are able to osteogenically
differentiate and mineralize when seeded on the PEO and PEO + Ag implants. The presence
of AgNPs on the implants proved not to compromise the osteogenesis process.

3.3 Immunological response of co-cultured macrophages

An indirect macrophage/nMSC co-culture model was developed in this study. Firstly,
macrophage polarization state induced by PEO/PEO + Ag implants was investigated.

DNA content of human monocyte-derived macrophages was significantly higher
(p < 0.05) on PEO + Ag implants after 3 days of co-culture and 1 day of single-culture
(Figure 17. A). ELISA measurement of proteins secreted by co-cultured macrophages after 1
day of single-culture indicated similar levels of the pro-inflammatory cytokine IL6 and tissue-
repair chemokine CCL18 in both PEO and PEO + Ag groups (Figure 17. B, D). However,
normalization of cytokine levels with the DNA content revealed that PEO treated implants
induced a higher secretion of CCL18 per cell (p < 0.0001) (Figure 17. C). Normalized 116
levels were comparable between PEO and PEO + Ag groups (Figure 17. E).

Following the same tendency to normalized protein secretion levels, the pro-
inflammatory gene IL6 was similarly expressed in both specimens after 3 days of co-culture
(Figure 18. A) whereas the tissue-repair gene CCL18 was significantly more expressed in

Page 28 of 48



* %

2

* % k%

*kk%k

1.2
kil , . O PEO

medium control

Relative Ca2+ in medium corrected for

Time (Days)

o

)

PEO + Ag Control

Implant reflection

Xylenol orange
labelling

Figure 15. ECM mineralization of hMSCs cultured on implant surfaces. (A) Relative Ca?*
concentration in culture medium for hMSCs cultured on PEO and PEO + Ag implants over a period
of 24 days. p <0.01 (**), p< 0.001 (***), p<0.0001 (****). (B) Confocal images of xylenol orange
labelling (cyan) for hMSCs cultured on PEO and PEO + Ag implants (magenta) for 31 days. (C) SEM
images of the ECM produced by hMSCs on the implant surfaces after 24 days of culture.
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Figure 16. Osteogenesis of hMSCs cultured on implants surfaces. Gene expression levels of
osteogenesis-related genes in hMSCs cultured on PEO and PEO+Ag implants after 7 days of culture.

PEO surfaces (p < 0.01) compared to PEO + Ag implants (Figure 18. B). Similarly, levels of
surface marker CD163 expressed by anti-inflammatory M2 type macrophages were
significantly higher in PEO treated implants (Figure 18. C) (p < 0.001). In the case of pro-
osteogenic genes (OSM, PTGS2 and BMP2), two out of three genes were detectable in both
implant types. This trend was followed by all three donors. Comparable expression levels of
OSM and PTGS2 were measured in PEO and PEO + Ag implants (Figure 18. D, E), whereas
BMP2 was undetectable. Their Cq values can be found in Table S2.

Summarizing, the analysis of the co-culture immune response revealed that PEO
surfaces have a tendency towards a higher pro-repair gene expression and protein secretion
compared to PEO + Ag implants. By comparison, no differences in the pro-inflammatory and
pro-osteogenic response were observed between the two groups.

3.4 Osteogenic response of co-cultured hMSCs

Secondly, the indirect co-culture allowed to study the paracrine effect of the macrophage
response to implants on the osteogenic activity of hMSCs.

Co-cultured hMSCs caused a significant drop in the Ca?* concentration in the culture
media from day 10 onwards comparing to day 3 on both PEO and PEO + Ag surfaces (Figure
19). No differences were observed between the two types of implants.

As previously observed in section 3.2, osteogenesis-promoting genes (COL1,
RUNX2, ALPL and IBSP) were similarly expressed on hMSCs cultured on both PEO and
PEO + Ag implants after 3 days of co-culture and 7 days of single monoculture in osteogenic
induction medium. In addition, no gene expression differences were observed between the
single- or co-cultured hMSCs on neither specimens (Figure 20). This tendency was consistent
for all donors. Their Cq values can be found in Table S3.
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Figure 17. DNA and proteins secreted by co-cultured human monocyte-derived macrophages
attached to implant surfaces after 3 days of co-culture and 1 day of single-culture in co-culturing
media. (A) DNA quantification. (B, D) ELISA measurements of the concentration of IL6 and CCL18
in culture media. (C, E) Normalized values of IL6 and CCL18 secretion to DNA. p < 0.05 (*),
p<0.0001 (*¥***),

4. DISCUSSION

The clinical success of orthopedic implants relies on the minimization of implant failures.
Biomaterial fabrication and modification strategies have currently a significant focus on the
favorable outcome of these structures by enhancing their bioactivity including the
osteoimmunomodulatory properties. One such promising structure was developed by our
team in a previous study consisting of Ti-6Al-4V structures developed with AM and
biofunctionalized by PEO and the incorporation of AgNPs [34]. The aim of this strategy was
to achieve dual osseointegration and antibacterial functionalities. Their results showed high
antibacterial activity of Ag-incorporated implants against methicillin-resistant
Staphylococcus aureus (MRSA) and no cytotoxic effects on hMSCs. However, considering
the importance of the immune system in the acceptance of the biomaterial by the body and in
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Figure 18. Gene expression levels of co-cultured human monocyte-derived macrophages
attached to implant surfaces on day 3 of co-culture. p <0.01 (**), p <0.001 (***).

the bone homeostasis, Razzi et al. [20] studied the immunomodulatory potential of PEO-
modified AM implants with or without AgNPs by the use of a monoculture. As expected,
PEO-treated implants revealed a reduction in the pro-inflammatory response of macrophages
and a higher pro-repair response comparing to untreated Ti implants after 4 days of culture,
indicating that the topographical and chemical changes resulting from the PEO process,
including the presence of micro-/nano-porosity and incorporation of Ca and P elements from
the electrolyte promoted the immunomodulatory potential of the surfaces. Nevertheless, a
cytotoxic effect of PEO + AgNPs implants towards macrophages was observed. The follow-
up study performed by van Poll et al. [37] established that 0.3g/L was the optimal AgNPs
concentration with which implants should be fabricated to sufficiently prevent bacterial
growth while not impairing macrophage viability. This value is 10 folds smaller than what
was used in previous studies. Van Poll et al. discovered that the introduction of AgNPs on
implants in a dose dependent manner triggered a similar macrophage polarization pattern as
compared to non-silver including implants and additionally did not observe any cytotoxic
effects for hMSCs in a short-term. In this study the effects of macrophage polarization
induced by AM PEO + 0.3g/L AgNPs biofunctionalized implants on hMSCs osteogenic
differentiation and matrix mineralization were evaluated, specifically focusing on assessing
the paracrine communication existing between macrophages and hMSCs in the new bone
formation process around the biomaterial. Therefore, a co-culture model was developed.
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4.1 Effects of PEO biofunctionalization on implant surface

characteristics

AM titanium implants were biofunctionalized by means of a PEO treatment. Two different
electrolytes were employed, with or without AgNPs but both containing calcium acetate and
calcium glycerophosphate. This resulted in two types of surfaces (PEO and PEO + Ag) with
similar topographical features but different chemical composition. PEO biofunctionalization
led to an increase in the surface roughness by the creation of TiO, layers with interconnected
micro-/nano-porosity. In addition, the Ag ion release profile confirmed the successful
incorporation of AgNPs in the PEO + Ag implant surface. Previous studies from our team
also showed the presence of electrolyte elements in the PEO-treated biomaterials such as Ca,
P detected by energy dispersive x-ray spectroscopy (EDS)[20], which are known to have
beneficial effects on bone formation. Other specific phases that are generated in the PEO
biofunctionalization process were also previously detected by X-ray diffraction (XRD) such
as polymorphs of TiO, including anatase and rutile or calcium phosphates including HA and
Caz(POa4)2[34].

4.2 Ability of hMSCs to osteogenically differentiate on PEO/

PEO + Ag implant surfaces

The first step of this work was to study the long-term effects of PEO + Ag modified implants
in hMSCs by means of a monoculture, specifically evaluating if these surfaces could support
the osteogenic differentiation of hMSCs and matrix mineralization. As mentioned before, this
was previously assessed by our team but only on a short-term basis and focusing solely on
the cell viability rather than also assessing their osteogenic ability. Results showed a
significant gradual increase of the cell ECM mineralization in both PEO and PEO + Ag
treated implants, evidenced by an increase in the calcium uptake of the cells over a period of
17 days until stabilizing its values around day 21. From that time onwards the calcium crystals
started growing. SEM imaging of cells at day 24 showed that hMSCs were able to proliferate
and attach all over the implant surface forming an abundance of matrix. In addition, the
formed calcium deposits were observed at day 31, revealing that both types of implants can
promote the formation of calcium nodules as observed by their presence all over the implant
surfaces. Analysis of gene expression at day 7 revealed that early and late osteogenic genes
were equally expressed in both implant groups, suggesting that they could support the hMSCs
osteogenic differentiation and confirming the previous macroscopic results. MSC osteogenic
differentiation begins by the proliferation and commitment of these stem cells into pre-
osteoblasts [49], a process promoted by early osteogenic markers like RUNX2. This gene is
known to start its expression in pre-osteoblasts, it is upregulated in immature osteoblasts and
finally downregulated in mature osteoblasts [50]. Fully differentiated cells then start
synthetizing the ECM by the expression of genes such as COL-1. Eventually, the ECM
mineralizes in later stages by the help of genes like IBSP or ALPL. These findings are
consistent with previous literature indicating that AgNPs do not present cytotoxic effects on
hMSCs when directly applied on top of the cells at low concentrations (< 0.01 g/L) and do
not compromise the osteogenic differentiation of hMSCs [51, 52]. In addition, they confirm
the important role of surface micropores formed by PEO biofunctionalization in creating a
strong bond between the biomaterial and bone forming cells as previously observed [53].
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4.3 Osteoimmunomodulatory abilities of PEO/PEO + Ag

surfaces

Successful new bone formation around the implant in the body strongly depends on the type
of immune reaction triggered by the biomaterial. Therefore, the next step of this work was to
study the effect of macrophages on hMSCs by means of an indirect co-culture model, in
which paracrine communications between both types of cells were investigated. Immediately
after the surgical implantation of a biomaterial in the body an acute inflammatory response
happens where immune cells such as monocytes are recruited and differentiated into
macrophages. In the early stages of the bone repair mechanism, the majority of macrophages
are closer to the M1-like phenotype, in order to eliminate pathogens, dead cells and debris
and enhance inflammation. Although M1 macrophages help in the attraction of tissue repair
cells such as MSCs [54, 55] a persistent pro-inflammatory cytokine presence can lead to the
development of fibrotic tissue and biomaterial encapsulation [23]. On the contrary, a correct
switching time between a majority of M1 to a majority of M2-like anti-inflammatory
macrophages results in a release of osteogenesis-enhancing cytokines that eventually lead to
the successful new bone formation around the biomaterial. These polarization changes can
be modulated by the biomaterial surface properties because macrophages are known to be
sensitive to environmental cues [27].

In terms of the macrophage polarization induced by PEO/PEO + Ag implants, results
were comparable to those previously observed by van Poll et al [37]. IL6, used in this study
as a pro-inflammatory marker, was similarly expressed in PEO and PEO + Ag groups on both
gene and protein levels. This factor is mostly secreted by M1-like macrophages and is known
to activate the expression of RANKL, a factor very involved in osteoclastogenesis [56, 57].
However, some pieces of contrasting data recently found that IL6 may also have an important
role in the callus maturity in the early stages of fracture healing [58]. Guihard et al. observed
MSCs osteogenesis via OSM secretion by M1-like macrophages [59]. This pro-osteogenic
cytokine belongs to the IL6 family [60] and in this study comparable low expression levels
were measured in both PEO and PEO + Ag specimens. Another gene reported to promote the
osteogenic differentiation of MSCs is PTGS2 [28]. Pro-inflammatory M1 macrophages were
found to enhance MSC osteogenesis and bone formation early in the process via the PTGS2-
Prostaglandin E2 pathway [61]. This gene was also similarly expressed in both biomaterial
groups in this study. On the contrary, tissue-repair chemokine CCL18 was observed to be
upregulated in PEO implants compared to PEO + Ag in both gene and protein level. The same
tendency was observed for surface marker CD163, characteristic of anti-inflammatory M2-
like macrophages which downregulate the pro-inflammatory factors [62]. These results
indicate that the presence of AgNPs on implant surfaces might slightly compromise the pro-
repair behaviour of macrophages or possibly delay the onset of the tissue repair phase.
Nevertheless, it is important to note that only two genes expressed by M2-like macrophages
were analysed in this work and at one specific timepoint. Further investigation is needed in
order to better understand the macrophage polarization induced by PEO/PEO + Ag in short-
and long-term.

Possible paracrine effects of polarized macrophages stimulated by PEO/PEO + Ag
surfaces on hMSCs were investigated by analysing the expression of genes associated with
osteogenesis (RUNX2, COL-1, IBSP and ALPL) after 3 days of co-culture and 7 days of
single-culture. No differences in the expression of these genes were observed between PEO
and PEO + Ag specimens as well as for the same groups in co-culture or single-culture. These
findings confirm the positive osteogenic properties of PEO/PEO + Ag surfaces as previously
observed when culturing hMSCs on implant surfaces in a monoculture, but suggest that they
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might elicit a limited immunomodulation in order to have an effect on the hMSC
mineralization. These results are inconsistent with previous findings in literature, which
reported enhanced osteogenic properties of osteoblastic cells cultured with macrophages on
PEO biofunctionalized [36, 63-67] or AgNPs incorporated [68] titanium surfaces.
Considering the complex surface properties of PEO and PEO + Ag surfaces, it is most likely
that both surface physical and chemical properties played an equally essential role in
modulating the behaviour of macrophages in this study. In terms of topography, despite the
limited number of studies recently published on the PEO modified surfaces, increasing the
nanoscale roughness of micro/nano rough surfaces via a post heat-treatment was reported to
enhance the biofunctionality of implants and increase the macrophage attachment,
proliferation and secretion of pro-osteogenic factors, comparing with those PEO surfaces with
no heat treatment and thus limited nanotopography [63, 64, 67]. The underlying mechanism
of the effect of these surfaces on these cells is yet not fully known, but studies suggested the
importance of mechanotransduction. For example, Pan et al. [18] hypothesized that the
nanotopography elicited effects on the macrophage morphology via the increase of the
cytoskeleton tension, which switched their phenotype to M2 and promoted the release of the
osteogenic factor BMP2. This factor was undetectable in this study. In addition, in terms of
chemical properties, the heat treatment also increased the hydrophilicity, hybrid rutile/anatase
components and improved HA crystallinity, which contributed to the overall
osteoimmunomodulatory properties of the implants. Therefore, it might be interesting to
consider investigating some of those strategies that can be incorporated into PEO
biofunctionalization with the aim of promoting the osteo-immune environment in future
research projects.

Another possible explanation for this observed limited osteoimmunomodulatory
behaviour could be related to the co-culture experimental design. The cell culture model
developed in this study was carefully planned in order to closely mimic the in vivo wound
healing process. First, monocytes alone were incubated on the implant surfaces for 48 hours
and after which they were put into contact with hMSCs in the same dish. Macrophage
polarization and hMSCs mineralization were investigated at the timepoints that were thought
most representative of the entirety of the process. However, future research should include
more time points along a longer time course, in order to have a clearer and broader picture of
the effect of PEO + Ag treated implants on macrophages/hMSCs interactions. In addition, the
wound healing process is characterised by a bidirectional macrophage/MSCs direct cell-cell
and paracrine contact. This study focused on studying the one-way macrophage effect on
hMSCs, specifically focusing on the paracrine communications. Nevertheless, both ways
must be considered in order to better approximate to the in vivo situation. Previous studies
have reported the creation of an in vitro osteo-immune environment via the positive feedback
existing between macrophages and MSCs, speculating that the macrophage expression of the
pro-osteogenic gene PTGS2 improved the mineralization of MSCs and increased their
expression of PTGS2, which subsequently improved the anti-inflammatory polarization of
macrophages [28]. Finally, macrophage/MSCs paracrine as well as direct communications
should also be further studied, which would probably involve the modification of the current
“indirect” model into a more “direct” model where cells would be able to interact via
cytokine/chemokine secretion as well as direct cell-cell communication.

All in all, despite PEO + Ag surfaces did not produce an immunomodulation that
enhanced hMSCs osteogenic differentiation in this study, these surfaces also did not
detrimentally change the macrophage response and their paracrine effects on hMSCs, making
them very good candidates for achieving osteoimmunomodulatory properties.
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4.4 Recommendations for future work
In this study limited osteoimmunomodulatory properties of PEO + Ag surfaces were observed
by a lack of enhancement of the hMSCs osteogenic differentiation co-cultured with
macrophages. However, no inhibition was also reported. Therefore, further research is needed
in order to obtain a clearer picture of the actual potential of the surfaces to elicit an immune
reaction that has the ability to modulate the mineralization of hMSCs. Some of the aspects
that can be investigated in future studies are the following:

Perform further characterization of PEO treated surfaces in order to expand the
knowledge on the mechanisms that may be most important on modulating the
macrophage response. Atomic force microscopy can be used to quantify the
roughness or the water contact angle for the wettability.

Investigate the possibility of other surface biofunctionalization techniques that can be
combined with PEO in order to increase their biofunctionality, such as heat treatment
or incorporation of HA particles.

Study a wider amount of pro-inflammatory, anti-inflammatory and pro-osteogenic
factors secreted by macrophages at more timepoints and a longer period of time. This
would enable to understand better the effect of PEO + Ag surfaces on the macrophage
behaviour over time.

Study the hMSCs mineralization by gene expression at more timepoints and a longer
time course.

Further optimize the number of cells present on the co-culture dish in order to
maximize the chances of establishing cell communication.

Explore other co-culture models such as a transwell model or a direct model. The
latter would enable to study both the paracrine and direct cell-cell communications.

Study both directions of the macrophage/hMSCs communications in order to better
understand their interactions.

Investigate the PEO + Ag implants in an ex vivo and in vivo context.
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5. CONCLUSIONS

This study aimed to investigate the osteoimmunomodulatory properties of PEO + Ag
surfaces. For that purpose, AM titanium implants were fabricated and biofunctionalized by
means of a PEO treatment with or without AgNPs. The generated surfaces showed the
presence of interconnected micro and nanoporosities on a layer of TiO, and the successful
incorporation of Ag was confirmed by an Ag ion release analysis. The culture of hMSCs on
these implants revealed their successful role on supporting the osteogenic differentiation and
the presence of AgNPs did not compromise the osteogenesis process. The macrophages co-
cultured with hMSCs showed no big differences in their polarization pattern when cultured
on PEO or PEO + Ag surfaces. In addition, the amount of cytokines and chemokines they
secreted did not result in an enhancement of the hMSCs osteogenic differentiation. This might
be attributed to the limited nanoporosities present on these surfaces, which were found to
increase macrophage adhesion, morphology and pro-osteogenic cytokine secretion.
Nevertheless, data reported in this study also showed no detrimental effects of PEO + Ag
surfaces on the macrophage response and their paracrine effects on hMSCs, making them
promising candidates for achieving dual antibacterial and osteoimmunomodulatory
properties. Future strategies to improve PEO-treated implant surface characteristics might
help on the creation of an osteogenesis-enhancing osteo-immune environment where bone
could be successfully formed by the positive mediation of the macrophage action. In addition,
considering the limitations of the co-culture system built in this study, future studies should
also focus on optimizing the current co-culture system and/or developing a novel model
associated with more detailed investigations including more time points and cellular markers.
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LIST OF ABBREVIATIONS

AgNPs
ALPL
AM
B2M
BKI
BMP2
BSA
Ca
CaA
CaCl,
CaGly
CCL18
CD163
cDNA
CO;,
COL-I
ECM
EDS
ELISA
FBS
FGF,
GAPDH
hMSCs
HA

Al
IBSP
ICP-OES
IL6
MACS
MAO

Silver nanoparticles

Alkaline phosphatase

Additive manufacturing
Beta-2-Microglobulin

Best keeper index

Bone Morphogenetic Protein 2
Bovine serum albumina

Calcium

Calcium acetate

Calciumchloride

Calcium glycerophophate
Chemokine (c-c motif) ligand 18
Cluster of differentiation 163
Complementary DNA

Carbon dioxide

Collagen type |

Extracellular matrix

X-ray spectroscopy

Enzyme-linked immunosorbent assay
Fetal bovine serum

Fibroblast growth factor-2
Glyceraldehyde-3-phosphate dehydrogenase
Human mesenchymal stem cells
Hydroxyapatite

Implant associated infections

Integrin binding sialoprotein
Inductively coupled plasma - optical emission spectrometry
Interleukin 6

Magnetic-activated cell sorting

Micro-arc oxidation
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MSCs
OSM
PEO

PBS
PBMCs
PFA
PTGS2
gPCR
RUNX2
RT
RT-gPCR
SED
SLM
UBC
Tio,

Mesenchymal stem cells

Oncostatin M

Plasma electrolytic oxidation
Phosphate

Phophate buffer saline

Peripheral blood mononuclear cells
Paraformaldehyde
Prostaglandin-endoperoxide synthase 2
Quantitative polymerase chain reaction
Runt-related transcription factor 2

Reverse transcription

Reverse transcription quantitative polymerase chain reaction

Secondary electron detector
Selective laser melting
Ubiquitin C

Titanium oxide
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7. APPENDIX

7.1 Implant characteristics: Voltage transients for PEO

process monitoring
The PEO process was monitored by means of voltage-time transients (Figure). Results show
that voltages increased linearly and rapidly in the initial stages of the modification, due to the
thickening of the TiO; layer. After 10 seconds the voltage increase slows down, coinciding
with the beginning of the dielectric breakdown and formation of the porous layer on the
surface of the implants. No difference was found in the V-t graphs between PEO and PEO+Ag
samples.

—PEO
—PEO + Ag

0 50 100 150 200 250 300
Time (s)

Figure S1. Voltage-time transients recorded during the implant biofunctionalization process.

7.2 Osteogenic differentiation of hMSCs attached to implant
surfaces: Calcium concentration in culture medium

1.2' Tkk
[ PEO

B PEO+Ag
B Control

medium control

Relative Ca2+ in medium corrected for

Time (Days)
Figure S2. Relative Ca?* concentration in culture medium for hMSCs cultured on PEO, PEO +

Ag and control implants over a period of 24 days. p <0.05 (*), p <0.01 (**), p< 0.001 (*¥**), p<
0.0001 (****).
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7.3 Cq values of RT-gPCR for gene expression analysis

Table S1. Cqg values of genes analysed for the osteogenic evaluation of hMSCs cultured on
implant surfaces in a single-culture.

ene BKI

S COL-1 | RUNX2 | ALPL | IBSP | GAPDH | B2M | UBC | index

1 16.73 26.51 25.74 | 29.65 18.93 16.19 | 18.99 | 18.04

PEO 2 15.90 25.90 26.80 | 27.76 18.33 15.61 | 18.06 | 17.34
3 16.26 26.06 25.42 | 28.02 19.03 16.12 | 17.35 | 17.50

1 17.01 26.67 26.68 | 29.73 19.22 15.63 | 18.26 | 17.70

Piog * 2 16.10 25.82 26.48 | 27.34 18.71 14.83 | 18.19 | 17.24
3 16.97 26.98 25.89 | 28.00 19.83 16.84 | 18.33 | 18.33

Table S2. Cq values of genes analysed for the immunological evaluation of macrophages
cultured on implant surfaces in a co-culture with hMSCs.

ene BKI
IL6 | CCL18 | CD163 | OSM | PTGS2 | GAPDH | B2M | UBC [ index
Dono

1 28.62 | 27.47 22,29 | 27.20 | 32.69 23.91 18.70 | 21.91 ] 21.50

PEO 2 35.14 | 30.97 2643 | 3435 | 36.71 28.17 | 23.61 | 26.93 ] 26.24
3 33.88 | 28.15 | 23,57 |29.16 | 3491 2497 | 20.76 | 23.18 | 22.97
1 32.11 | 31.53 | 25.61 | 30.09 | 35.30 26.22 | 21.34 | 24.71 | 24.09
Pi(g) * 2 32.30 | 29.55 | 24.67 | 30.59 | 36.42 25.77 | 21.20 | 24.34 | 23.77
3 33.66 | 26.55 | 22.06 | 28.08 | 34.28 22.94 |18.78 | 20.81 | 20.84

Table S3. Cq values of genes analysed for the osteogenic evaluation of hMSCs cultured on
implant surfaces in a co-culture with macrophages.

ene | coL- BKI
RUNX2 | ALPL | 1BSP | GAPDH | B2M | UBC | index
Dono 1
1 16.86 | 27.10 | 25.48 | 28.86 | 2035 | 16.05 | 17.49 | 17.96
Co- 2 17.85 | 26.80 | 25.37 | 28.66 | 19.87 | 1627 | 17.18 | 17.77
culture
. 3 16.21 | 25.64 | 2412 | 2837 | 1926 |15.90 | 16.90 | 17.35
_ 1 1654 | 2690 | 25.88 | 2854 | 1996 |16.11 | 17.69 | 17.92
CSL'JTEJ'?é 2 16.38 | 2585 | 2470 | 2812 | 1895 | 1567 | 16.83 | 17.15
3 16.24 | 2600 | 24.41 | 2887 | 1941 | 1585 17.05| 17.44
1 16.81 | 25.75 | 25.03 | 28.35 | 2009 | 15.80 | 16.79 | 17.56
Co- 2 1650 | 26.20 | 25.26 | 27.96 | 1971 |15.91 | 17.15 | 17.59
culture
PEO 3 16.00 | 25.75 | 2453 | 28.88 | 19.23 | 1565 | 16.76 | 17.22
+Ag | 1 1719 | 2615 | 25.66 | 28.33 | 2002 |15.75 | 17.10 | 17.62
?JTt?JI?e 2 1639 | 2635 | 25.37 | 2855 | 1961 | 1598 17.11 | 1757
3 16.20 | 26.26 | 24.96 | 30.36 | 19.62 | 16.05 | 17.39 | 17.69
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