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Abstract

Introduction: Aseptic loosening of an orthopaedic implant due to the unsatisfactory attachment to the
bone remains one of the most common reasons for failure of these implants. One of the possible
approaches for improving the connection between the implanted biomaterial and the bone tissue
being formed is the incorporation of bioactive agents onto the surface of the biomaterial to promote
bone and blood vessel formation. This work investigated the effects of strontium (Sr), a known
osteogenic and angiogenic agent, incorporated in surfaces of 3D printed titanium implants on the
behaviour of human umbilical vein endothelial cells (HUVECs), to determine its potential role in
improving osseointegration by promoting an early development of a well vascularized bone.

Methods: 3D printed titanium implants were subjected to plasma electrolytic oxidation (PEO) in
electrolytes with and without Sr addition. The effects of Sr incorporated on the surfaces were
subsequently tested in vitro by assessing the morphology, proliferation, wound healing ability and
angiogenic potential of HUVECs. In addition, a coculture model with conditioned medium from
mesenchymal stromal cells (MSCs) was included for investigations of the angiogenic potential.
Results: The characterization of the PEO-treated titanium implants confirmed comparable topography
and distinct chemical composition of samples treated in electrolytes without (PT) and with Sr (PT-Sr).
Despite the good initial attachment, HUVECs showed a tendency to gradually leave both PT and PT-Sr
implants. No improvement in proliferation of HUVECs seeded on PT-Srimplants was observed, yielding
comparable results with the PT implants. The ions released from the PT and PT-Sr surfaces did not
instigate faster wound healing ability of HUVECs and the direct contact of cells with the surfaces did
not elicit paracrine signalling which would contribute to faster closure of the wound. The coculture
model revealed higher angiogenic potential of HUVECs seeded on the PT and PT-Sr surfaces when
cultured in the presence of conditioned media obtained from MSCs, implying the importance of
interactions among these cell types for achieving successful bone repair.

Discussion and conclusions: Comparison of the obtained data and evidence found in the literature
implied that the 3D printed and PEO-treated implants could not support thriving of endothelial cells,
most probably due to the topography and associated roughness of the surfaces given by the method
employed for the 3D printing of these implants. However, with consideration to the physical and
chemical complexity of the implants, further tests will have to be conducted to validate these
assumptions.
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1 Introduction

Despite the great technological advancements in biomaterials, implant design and orthopaedic
surgery over the past decades, implant failure remains a concern for approximately 10% of patients
undergoing primary total hip arthroplasty (THA) [1,2]. Many of the causes leading to failures are
attributed to poor or delayed osseointegration of the implants [2,3], as it has been established that
achieving osseointegration is a key prerequisite for implant stability and proper loading of the implant
[2,4,5]. Unsatisfactory osseointegration is often associated with the formation of fibrous tissue
between the biomaterial and the bone, which represents a soft interlayer not able to sufficiently anchor
the implant. Moreover, an unsecured attachment can result in micromovements and subsequent
generation of wear debris, which may elicit an inflammatory reaction and excessive bone resorption,
eventually leading to the loosening of the implant [6-10].

Titanium alloys are increasingly used biomaterials for total joint replacements (TJRs). They are often
praised for their high corrosion resistance and moderate elastic modulus, the latter reducing the stress
shielding effect and preventing undesired bone resorption [6,7,9]. Even though these biomaterials
exhibit an exemplary chemical and mechanical stability, their bioinert nature does not encourage the
establishment of a stronger and more physiological connection between the implant and the new
bone, thus necessitating further surface treatment of the implants [2,10,11]. Many of the approaches
currently used to promote osseointegration are based on the attraction of mesenchymal stromal cells
(MSCs) and the stimulation of their osteogenic differentiation, leading to new bone tissue formation on
the implant surface. This can be achieved through the adjustment of the chemical and physical surface
properties of the used biomaterial [2,4,6].

Given the highly vascularized nature of the bone [12,13] and the importance of blood supply in the bone
repair process [14], angiogenesis represents an apparent target and remains a major challenge in bone
tissue engineering and regeneration therapies. Due to their vital role, damaged blood vessels are
repaired in the initial stages of bone regeneration [5,15,16], restoring the blood flow and thereby
ensuring delivery of oxygen, nutrients, and signalling molecules as well as facilitating the supply of cells
to the affected site and enabling the removal of waste products [17-19]. Implants with both osteogenic
and angiogenic surface biofunctionalities are, therefore, highly desirable to enhance osseointegration
[20].

The research on the effects of biomaterial’s physical and chemical properties on angiogenesis is
relatively scarce when compared to the research on osteogenic agents [21]. Among the available
methods used for the modulation of cellular responses by an implant, modification of the chemical
composition of the biomaterials is an approach that enables the incorporation of multiple agents with
different action mechanisms, thereby yielding a biomaterial with versatile surface properties. Essential
and trace elements are known for their inherent role in many molecular mechanisms in the human
body, and the increased understanding of their signalling and structural functions associated with
bone metabolism has led to their utilization in therapeutic applications for bone (e.g., osteoporotic
treatments, promoting osseointegration) [5,12,13,22]. Nowadays, elements such as strontium (Sr),
which may additionally enhance angiogenesis [23], are also incorporated into bulk biomaterials or
onto their surfaces, delivering their stimulatory effect to the intended site through tuneable release
kinetics. Results of a conducted literature review revealed that the presence of a carefully chosen
concentration of strontium possesses beneficiary effects for the proliferative and migratory activity of
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human umbilical vein endothelial cells (HUVECs) and guides their angiogenic differentiation [21,23-
30]. Therefore, such biomaterials could modulate the activity of stem/progenitor cells, thereby
inducing new bone and/or blood vessel formation and enhancing osseointegration [5,12,22,31,32].
The aim of this project was to assess the effects of Srincorporated on the surface of 3D printed titanium
implants on the behaviour of HUVECs. For incorporation of Sr on the implants, plasma electrolytic
oxidation (PEO), which generates a porous oxide layer through local plasma discharges, was selected
[33,34]. This method requires a short procedure time, allows incorporation of a wide range of
elements/molecules (including strontium) in the growing porous oxide layer and can be applied for
geometrically complex titanium substrates [35-39]. Previous research performed in our group using
this surface treatment in Ca and P bearing electrolytes demonstrated the ability of the resultant
surfaces to support differentiation and matrix mineralization of stem/osteoprogenitor cells. In
addition, incorporation of Ag nanoparticles provided antibacterial properties to the surfaces thus being
able to fight the implant associated infections [39]. Additional angiogenic activity of such surfaces
would further enhance the clinical performance of such implants.

The effects of the developed bioactive system on HUVECs were tested in vitro. The cellular morphology,
proliferative and migration behaviour and angiogenic differentiation were tested using relevant assays.
To acknowledge the complexity of the signalling pathways involved in the fracture healing process and
approximate the biomolecular interactions occurring during the mutually dependent processes of
vessel and bone formation, coculture experiments with MSCs were also performed.



2 Materials and Methods

2.1 Preparation and characterization of strontium releasing surfaces

2.1.1 Implant fabrication

Highly porous implants were produced through scanning laser melting (SLM) 3D printing method. The
fabrication followed a previously described design published by van Hengel et al. [40], developed with
consideration to the limitation of the 3D printing process, and desired surface area and porosity.
Medical grade 23 Ti6Al4V ELI alloy was used in the form of spherical metal powder (AP&C, Boisbriand,
Quebec, Canada), with particle size in the range of 10 - 45 um. The implants were fabricated in the
Additive Manufacturing Laboratory at the TU Delft (Delft, The Netherlands), using customized
equipment (SLM-125, Realizer, Borchem, Germany).

The dimensions of the fabricated implants were 4 cm x 0.5 mm (length x diameter) and they presented
35.6 surface-to-volume ratio. Vacuum cleaning and a three-step sonication process (5 minutes in
acetone, 96% ethanol and demineralized water consecutively) were employed after the printing to
remove loose particles.

2.1.2 Synthesis of strontium releasing surfaces

Strontium releasing surfaces were generated using plasma electrolytic oxidation setup consisting of
AC power supply (50Hz, type ACS 1500, ET Power Systems Ltd., Chesterfield, United Kingdom) and
computer interface connected with the power supply through a data acquisition board (SCXI, National
Instruments, Austin, Texas, United States). A double-walled glass cell with a continuous supply of a
cooling liquid was employed, enabling cooling of the electrolyte during the experiment. The implant
was attached to a metallic holder with a crocodile clipper and secured with a waterproof tape. The
reaction was performed in 800 mlelectrolyte containing 0.15 M calcium acetate hydrate (Sigma Aldrich,
USA), 0.02 M calcium glycerophosphate (ISALTIS, France), and in cases of strontium enriched implants
1 M strontium acetate (Sigma Aldrich, USA) at a constant stirring rate of 500 rpm, generating two kinds
of surfaces (PT and PT-Sr respectively). At the start of each experiment, the temperature of the
electrolyte was between 5 - 8°C. The sample was then immersed in the electrolyte in the middle of the
electrolytic cell and connected to the electric circuit against a ring-shaped stainless-steel cathode. The
plasma electrolytic oxidation was performed under galvanostatic conditions at two different current
densities 20 A/dm? and 30 A/dm?. The specimens were oxidized for 60, 90, 120, 180 and 300 seconds, to
determine the effect of the oxidation time on surface topography. The changes in voltage were
recorded at a sampling rate of 1/s. After completing the treatment, samples were cleaned with running
water, rinsed with demineralized water, dried and cut into pieces of 1.0 cm length.

2.1.3 Assessment of surface morphology and chemical composition

The morphology of the synthetized surfaces was assessed by scanning electron microscopy. The
implants were mounted onto the sample holder using a double-sided carbon tape. To generate a
conductive layer and ensure visualization in the microscope, they were gold sputtered for 18 seconds
(JEOL JFC-1300 Auto Fine Coater, JEOL USA) and placed in a JOEL scanning electron microscope (JSM-
IT100, JEOL, Tokyo, Japan). Secondary (SED) and backscattered (BED) electron detectors were used at



low vacuum and 10 kV electron acceleration voltage for visualisation of the obtained morphology. The
probe current was set to 50. Energy dispersive spectroscopy (EDS) was employed for analysis of the
chemical composition.

2.1.4 lon release profile

The Ca and Srions released from the surfaces were quantified through monitoring of the released ions
throughout defined period of time. The 1 cm implants were inserted in 1.5 ml dark Eppendorf tubes
(n=3) with 1 ml phosphate-buffered saline (PBS) and incubated in a water bath at 37°C. The samples
were removed from the tubes after 12 hours, 1,4, 7, 14 and 28 days and transferred to a new set of tubes
containing 1 ml PBS for the following time point. The cumulative number of ions released in the PBS
solution at the defined time points was evaluated using inductively coupled plasma optical emission
spectroscopy (ICP-OES).

2.1.5 X-ray diffraction

The phase composition of the PEO treated surfaces was determined through X-ray diffraction (XRD)
method. The samples were fixed on a Si510 zero-background wafer in a standard L40 PMMA sample
holder and placed in a BrukerD8 Advance diffractometer with Bragg-Brentano geometry and Lynxeye
position sensitive detector (LL 0.19 W 0.05), Cu Ka radiation and divergence slit V6. The following
settings were applied for the measurement: Coupled 6 - 28 scan in the range of 5°- 80°, a 2-second
counting time per step and step size 0.008° 26. Bruker software DiffracSuite.EVA version 5.2 was used
for evaluation of the data.

2.1.6 Sterilization of implants

Prior to in vitro tests, the implants were sterilized in a three-step process. First, they were immersed in
70% ethanol and sonicated for 3 minutes. They were then transferred and left in demineralized water
for 5 minutes and finally sonicated for 30 seconds. Cleaned implants were dried, placed in a glass
container covered with aluminium foil and sterilized in an oven at 125°C for 2 hours.

2.2 Invitro assays

2.2.1 Cell culture

For the in vitro tests, primary human umbilical vein endothelial cells (HUVECs) were used (catalogue
number C2517A; single donor, Lonza, Switzerland). The cells were cultured in commercial EGM-2 media
(Endothelial Cell Basal Medium-2, Lonza, Switzerland) containing several growth factors such as
vascular endothelial growth factor (VEGF), recombinant human fibroblast growth factor (rhFGF),
recombinant human epidermal growth factor (rhEGF), and others. All precultures for experiments were
started as passage 5.

Prior to every experiment and for expansion purposes, HUVECs were precultured in flasks at a density
of 2,500 cells/cm? in EGM-2 media at 37°C and normal oxygen level and refreshed with EGM-2 media
three times per week. On day 7, cells were trypsinized, counted and seeded.

2.2.2 Seeding protocol

The sterile implants were transferred to 0.2 ml PCR Eppendorf tubes. Fibronectin bovine plasma
(#F4759, Sigma Aldrich, USA) solution was added to each tube (100 pl of 0.05 mg/ml) to coat the
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implants with the protein. The implants were then incubated with fibronectin at room temperature for
45 minutes. Immediately after, they were transferred to clean tubes and 150 pl of cell suspension
containing 100,000 cells was added. The implants were then incubated in the tubes at 37°C for 2 hours
and turned horizontally every 20 minutes to ensure uniform coverage of the implants. The implants
were then taken out of the tubes and transferred in a 48-well plate with 200 ul of EGM-2 medium. The
cells were cultured at 37°C and normal oxygen level and were refreshed with EGM-2 media three times
per week.

2.2.3 Seeding efficiency

To determine the number of cells that attached onto the implant during the 2-hour seeding procedure,
a seeding efficiency test was performed. After 2 hours of seeding, cells remaining in the tubes after
removal of the implant were counted by mixing 10 pl of the cell suspension with 10 pl of Trypan Blue
Dye 0.4% solution (Bio Bio-Rad Laboratories, USA). 10 ul of the mixture was then pipetted into the
counting chamber and counted on a TC20™ Automated Cell Counter (Bio-Rad Laboratories, USA). The
cell count was obtained as an average of two measurement per one sample. The seeding efficiency was
calculated as a ratio of the remaining cells and the cells seeded initially in the tube.

2.2.4 Trypsinization

Wells with/without implants were washed twice with PBS and implants were transferred to 0.5 ml
Eppendorf tubes. 50 ul of trypsin (Lonza, Switzerland) was added to each well of a 48-well plate and
100 pl of trypsin (Lonza, Switzerland) was added to each tube and the samples were incubated for 5
minutes at 37°C. Finally, 200 ul and 400 ul of medium was added to the wells and tubes, respectively,
to deactivate the trypsin, and the implants were removed from the cell suspension.

2.2.5 Cell morphology

Cells were cultured on the implants with and without strontium at the seeding density of 100,000 cells
per implant for 4 and 7 days. After each timepoint, the cells were washed with phosphate buffered
solution (PBS), fixed with 4% paraformaldehyde (PFA) + 1% glutaraldehyde (GA) in PBS (PBS; pH 7.4)
for 15 minutes and then washed twice with demi-water. The plates were then either stored in demi-
water at 4°C for up to one week or directly dehydrated. For dehydration, cells were washed with demi
water for (2 x 5 minutes), 50% ethanol (15 minutes), 70% ethanol (20 minutes) and 96% ethanol (20
minutes) to remove the moisture. The ethanol was then removed from the samples and they were left
to air-dry for at least two hours. The samples were gold sputtered for 30 seconds (JEOL JFC-1300 Auto
Fine Coater, JEOL USA) and morphology was imaged using a scanning electron microscope (JSM-1T100,
JEOL, Tokyo, Japan) with the same protocol as described in section 2.1.3.

2.2.6 Presto Blue metabolic assay

Implants with/without strontium seeded with HUVECs were cultured for 1, 4 and 7 days. At each
timepoint, the implants were transferred to a new well of a 48-well plate with 180 ul of EGM-2 media
and 20 pl of Presto Blue staining solution (Presto blue, #A13262, Thermo Fisher, USA). Following 60
minutes of incubation, 100 pl of media with the staining solution was pipetted in a 96-well plate and
the metabolic activity of cells was measured at an excitation wavelength of 535 nm and emission
wavelength of 590 nm using a VICTOR X3 Multilabel Plate Reader (Perkin Elmer, USA).



2.2.7 EdU proliferation assay

A Click-iT™ EdU Cell Proliferation Kit for Imaging (Invitrogen™ Molecular Probes™, Thermo Fisher
Scientific, USA) was used for this assay. Implants with/without strontium seeded with HUVECs were
cultured in a 48-well plate for 2, 4 and 7 days. As control, HUVECs at a density of 10,000 cells/well were
cultured in the same plate. Prior to each timepoint, 10 mM EdU was added to the EGM-2 medium. After
24 hours incubation, the wells with implants were washed with PBS, trypsinized and transferred to 1.5
ml Eppendorf tubes. The tubes were then centrifuged at 400 rcf for 5 minutes, and the supernatant was
replaced with 100 pl of 1% BSAin PBS (PBS/BSA) and centrifuged. The supernatant was exchanged with
10 ul of fixative (component D). After 15 minutes of incubation (at room temperature and in the dark),
100 pl of PBS/BSA was added and the tubes were centrifuged. The supernatant was removed and 10 pl
of permeabilization component (component E diluted 1:10 in PBS/BSA) was added. After an incubation
for 30 minutes at room temperature, 100 ul of PBS/BSA was added to the pellet. The tubes were
centrifuged, and the supernatant was replaced with 75 pl of Click-it reaction mix (624.15 ul PBS/BSA,
14.25 pl CuSOs, 3.56 ul Alexa Fluor™ 488, 71.25 ul a diluted component G (1:10). The pellets were
incubated for 30 minutes, 100 ul of PBS/BSA was added and the tubes were centrifuged. The
supernatant was then replaced with 50 pul of PBS/BSA and the samples were run on a fluorescence
activated cell sorting (FACS) machine (BD Accuri™ C6 Flow Cytometer, BD Biosciences, USA). The
obtained results were gated accordingly, and the percentage of actively proliferating cells were
compared.

2.2.8 Enzyme-linked immunosorbent assay (ELISA)

HUVECs were cultured under different conditions and refreshed 24 hours prior to collection of
supernatants on day 2, 4 and 7. The media obtained from the cells were then centrifuged at 2,000 rcf
for 10 minutes to remove the cell debris. Samples were either stored at -20°C or directly proceeded with
next steps.

For the analysis, Human VEGF and Human FGF-21 Simple Step ELISA® Kits (Abcam, catalogue number
ab222510 and ab222506) were used. Seven standards were prepared by reconstituting the respective
lyophilized protein with a diluent provided in the kit and creating seven serial dilutions. A tube
containing only the diluent and no protein served as a blank control. Standards were then pipetted in
duplicates into the 96-well plate in a volume of 50 ul. Two-fold dilutions of all samples were created by
pipetting 25 pl of a supernatant and 25 pl of the diluent into the plate. Antibody cocktail (containing
Capture Antibody, Detector Antibody and Antibody Diluent) was then added to each well in a volume
of 50 ul. The plate was sealed and placed on a plate shaker at 400 rpm and 20°C for 1 hour to ensure
proper but gentle mixing of the solutions. Wells were then thoroughly washed with 3 X 350 ul of Wash
Buffer PT (provided in the kit), to remove any remaining supernatant and antibody cocktail. 100 pl of a
TMB Solution was then pipetted to each well and the plate was incubated in the dark on a plate shaker
for 10 minutes (400 rpm, 20°C). Finally, 100 ul of a Stop Solution was added to the plate and the OD was
read at 450 nm on a VICTOR X3 Multilabel Plate Reader (Perkin Elmer, USA).

The OD of the blank was subtracted from every value. The standard protein concentrations were
plotted against the respective OD values, creating a standard curve. The protein concentrations of all
other samples were obtained by interpolating those values to the standard curve.



2.2.9 Wound healing assay

Implants with/without strontium were seeded with HUVECs and placed in 12-well transwell inserts (one
implant/transwell) with 0.4 um pore diameter (w_cells). The wells of the 12-well plate were seeded with
80,000 cells/well. To relate the concentration of ions released from the implant surface to that of a flat
surface, each transwell contained 4 implants in the end (one seeded with cells and 3 without cells).
Another plate, containing 4 implants without cells in each transwell, served as a control of the paracrine
effect between cells seeded on the implants and cells on the bottom of the well plate (wo_cells). The
plate layout for each experimental group is illustrated in Figure 1. The volumes of EGM-2 media added
to the transwell and 12-well plate, were 400 and 700 pl, respectively. The plates were incubated for 3
days until confluence in the wells was reached. The plates were then refreshed with EGM-2 medium
deprived of serum and subjected to a 24-hour serum starvation to synchronize the cell cycle. To create
a wound, the confluent layer was scratched using a 200 pl pipet tip and washed twice with PBS to
remove the debris. The plates were replenished with EGM-2 medium. Pictures of the scratches were
taken at 0, 13, 16, 19, 22 and 48 hours post-scratching using a ZOE Fluorescent Cell Imager (Bio-Rad
Laboratories, USA). The scratches were analysed by measuring the remaining width at 2 locations along
the scratch (4 measurements per location).

2.2.10 Coculture of HUVECs with conditioned medium from MSCs

To investigate the paracrine effect of mesenchymal stromal cells on angiogenic behaviour of
endothelial cells, HUVECs were cultured in the presence of conditioned media (CM) obtained from
MSCs exposed or not to strontium. MSCs (passage 7, donor 4266, Lonza, Switzerland) were precultured
with Lonza Mesenchymal Stem Cell Medium, and then seeded in T75 flasks at a density of 7.5x10° cells
per flask. The cells were cultured at 37°C, 5% CO- and normal oxygen levels and refreshed with 10 ml of

Plate layout Experimental groups

80,000 cells seeded per in each well

v v v \
1 2 3 4 wo_cells w_cells
A CTR CTR CTR CTR each transwell containing
4 empty 1 implant seeded
implants with 100,000
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B PT PT PT PT
3 empty
(05 PT-Sr PT-Sr PT-Sr PT-Sr implants
Timeline x f—\ )
D1 D4 D5 ; D6 - D7
Seeding Serum starvation (24h) Creating scratch at Oh Monitoring 12-48h

Figure 1. An illustration of the experimental setup for the wound healing assay. Two experimental groups, w_cells (transwells
containing 1 seeded implant and 3emptyimplants) and wo_cells (transwells containing 4 empty implants), were compared. Each
group was studied in a separate plate containing 3 experimental conditions: control (CTR), PT, PT-Sr.



10% aMEM (containing 10% FCS, 20 ml/l Pen/strep, 20 mM HEPES, 1.8 mM CaCl,-2H,0, as described in
[41]) on day 2, 5 and 7. On day 9, aMEM with 0.1% BSA and with (CM-Sr) and without (CM) 0.3 mM
strontium acetate (SrA) was added to the cells and the flasks were transferred to a 3% O, hypoxic
incubator for 48 hours. On day 11, the conditioned medium (CM and CM-Sr) was collected, 2% of serum
was added, and the medium was filtered and aliquoted.

HUVECs were seeded on PT and PT-Srimplants at the normal seeding density described in section 2.2.2
and the implants were placed in 48-well plates. EGM-2 and CM/CM-Sr were mixed in a 1:1 ratio and an
aliquot of 200 pl was added to each well. A plate containing only EGM-2 medium served as control. The
overview of the experimental groups is presented in the Figure 2.

The effect of the different conditions on the angiogenic capacity of HUVECs after 4 days of culture was
assessed through ELISA (described in section 2.2.8), which quantified the secretion of VEGF and FGF21
by measuring the OD values on a VICTOR X3 Multilabel Plate Reader (Perkin Elmer, USA).

2.3 Statistical analysis

Calculations were done in MATLAB and the obtained data were plotted using GraphPad Prism 8.0
(GraphPad Software, USA). The plots represent mean value + standard deviation. The statistical
significance of the data was evaluated using one-way ANOVA tests, with Bonferroni correction. Results
were considered statistically significant when the p <0.05.
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EL il L Sr Sr Sr with 0.3 mM SrA
PT-  PT-  PT-
PT PT AT Sr Sr Sr EGM: CM from MSCs cultured
without SrA
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D1 D3 D4
Seeding Refresh (24h prior collecting supernatant) Collect supernatant (freeze or proceed with ELISA)

Figure 2. Illustration of the experimental setup for the coculture experiment. Total of 3 plats were used for this experiment, each
plate contained PT and PT-Sr conditions and was cultured with one of the 3 mediums (CM-X, CM-Sr, EGM). Medium from 3 wells was
pulled together for each replicate, yielding 4 replicates per each condition.



3 Results:

3.1 Surface modification of implants and characterization of strontium
releasing surfaces

3.1.1 Selection of optimal PEO parameters

In order to generate surfaces with strontium (PT-Sr) and control samples without strontium (PT), two
electrolytes of different compositions were employed. The final PEO parameters for each condition
were chosen after a set of optimization runs, with the aim to achieve the same topography on both PT
and PT-Sr implants. In addition, the concentration of the strontium acetate added to the electrolyte
had to be optimized to achieve a concentration of released Sr ions from the treated surfaces in the
range previously shown in literature to positively influence HUVECs functions.

Thus, for PT-Sr implants, a current density of 30 A/dm? applied for 300 seconds was selected, and an
electrolyte containing 0.15 M calcium acetate, 0.02 M calcium glycerophosphate, and 1 M strontium
acetate was used. These parameters resulted in generation of strontium containing surfaces, which
demonstrated ion release profile properties in accordance with findings from a conducted literature
study, reporting a positive effect of strontium on angiogenic behaviour of HUVECs. For PT samples, a
current density of 20 A/dm? and different PEO times of 60, 90, 120, 180 and 300 seconds were tested in
an attempt to reproduce the topography of the PT-Sr implants. The images of the obtained surfaces
are depicted in Figure 3 and show a topographical analogy between PT-Sr sample subjected to PEO
under the above-described conditions (Figure 3A) and PT sample exposed to the PEO for 60 seconds

2 «

8 s\ o
% . O il > N SRR AN
SED 10.0kVWD10mmP.C.50 HV x1,000 10pm  — SED 10.0kVWD10mmP.C.50 HV x1,000 10pm

=~
,A‘«'fzuy SALEN - 2 ¥la7 J ps g
SED 10.0kVWD10mmP.C.50 HV x1,000 10pm  — SED 10.0kVWD10mmP.C.50 HV x1,000 10pm SED 10.0kVWD32mmP.C.50 HV x1,000 10pm
Sample

Y

Figure 3. SEM images depicting the changing in surface topography of the implants with varying PEO parameters: A) PT-Sr sample treated
under above-described conditions for 300 seconds, and PT samples after B) 60, C) 90, D) 120, E) 180 and F) 300 seconds of PEQ.
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x30

x1,000

(Figure 3B). When the PEO process was applied for 60 seconds, the partially melted metal particles left
behind after the 3D printing process have preserved their integrity, suggesting generation of a thin
oxide layer with uniformly distributed small pores. With prolonged oxidation (Figure 3C-F), the integrity
of the metal particles was disturbed. The gradual growth of the oxide layer in the presence of larger
plasma discharges occurring on the surface resulted in surface with larger pores and of greater
roughness. After 300 seconds, the particles were hardly recognizable, and the pore size distribution has
lost its homogeneity. Therefore, the PEO time for the surface treatment of PT samples used for further
experiments was set to 60 seconds.

3.1.2 Assessment of morphology and phase composition

The comparison of the non-treated implant (NT) and topographies generated after the selection of
optimal PT and PT-Sr conditions described in section 3.1.1is captured in Figure 4. Obtaining analogous
surface morphology on both samples was a necessary prerequisite for later in vitro tests. Surface
topography is a known cue used for stimulation of cellular response and its variability among the two

NT PT PT-Sr

SED 10.0kVWD10mmP.C.50 HV  x30 SED 10.0kVWD10mmP.C.50 HV

SRENS 4 ! 4
SED 10.0kVWD10mmP.C.50 HV x500 S50pm  — x500 50pm

)

1 P 2 4 \od
SED 10.0kVWD10mmP.C.50 HV x1,000 10pm  — SED 10.0kVWD10mmP.C.50 HV x1,000

Figure 4. Morphology of implants before (NT) and after PEO treatment in electrolytes without (PT) and with (PT-Sr) strontium, at different

magnifications (x30, x500, x1,000).
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samples would introduce an additional variable into the assessment of strontium effects on HUVECs.
The biofunctionalized samples utilized for the angiogenic assays demonstrated surfaces with
microroughness, attributed to the residual particles from the 3D printing process, and fine pores
structures, generated during the electrochemical treatment.

The phase composition of the synthetized surfaces was assessed with X-ray diffraction (XRD) and the
diffraction spectra are in Figure 5. It revealed presence of the crystalline TiO, in the form of its two
polymorphs anatase and rutile, on both PT and PT-Sr implants. The occurrence of these two phases
appeared to be relatively balanced on the PT samples while PT-Sr implants demonstrated greater
content of the rutile phase. This could be attributed to the conditions of the PT-Sr reaction (longer
exposure and possibly higher temperature), which would favour the establishment of the high
temperature rutile phase over low temperature anatase. Strontium was found in the form of strontium
titanate (SrTiOs) and strontium oxide phosphate (Sr100(PO4)) on the PT-Sr samples, the latter being a
strontium analogue of hydroxyapatite (Caio(POs)s(OH),).

3.1.3 lonrelease profile

In order to quantify the level of bioactivity of the PEO treated surfaces due to ions released, analysis of
Ca* and Sr**ions (Figure 6) released from the surfaces of PT and PT-Sr samples in PBS was performed
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Figure 5. Results of the XRD analysis performed on the A) PT and B) PT-Sr samples depicting the phase composition of the PEO
synthetized surfaces.
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Figure 6. Results of the ICP-OES analysis depicting the ions release profiles of A) calcium and B) strontium from the surfaces of PT
and PT-Srsamples in PBS over a period of 30 days.

over a period of 30 days. The calcium ion release maintained the same trend in both PT and PT-Sr
samples. Their profile demonstrated high release rates in during the first 24 hours, while flattening in
the first week, and followed by a gentle incremental ion increase throughout the next 3 weeks. The
maximum amount of detected Ca** after 28 days was 10,213 ppb in PT and 5,877 ppb in PT-Sr samples.
The release of strontium detected in PT-Sr samples was lower in comparison to the released calcium
ions. The initial steep release occurred within the first 3 days, after which the profile reached a plateau
and maintained it throughout the rest of the monitored period. The amount of detected Sr** after
28 days reached 5,742 ppb.

3.2 Effect of the PEO treated surfaces on the behaviour of HUVECs

3.2.1 Seeding efficiency of HUVECs on PEO treated surfaces

Different seeding protocols were tested to determine the most efficient approach for seeding of
HUVECs onto the PT and PT-Sr implants. A cell density of 100,000 cells per implant was used and the
implants were incubated for 1 or 2 hours and turned every 10 and 20 minutes, respectively. Moreover,
the effect of an additional fibronectin coating was tested.

Theresults (Figure 7) revealed that implants with fibronectin coating incubated for two hours exhibited
the highest seeding efficiency of 90% and 92% for PT and PT-Sr samples respectively. Seeding protocol
with fibronectin and incubation of one hour yielded efficiency of over 80%, suggesting that the majority
of cells attach within the first hour and that excessively prolonged incubations do not further increase
the seeding efficiency. In contrast to that, a trend of lower seeding efficiency with greater standard
deviation was observed on implants without the fibronectin coating.

The final seeding protocol applied for further assays included fibronectin coating and incubation of
2 hours before transferring implants to the well plates for further culture.

12



Seeding efficiency for different protocols

1.0
E PT
0.8 T [ PT-Sr
& 064 EE3 PT +Fib
: -
g E3 PT-Sr+Fib
£ 0.4+
1]
0.2-
0.0-

I I
1 hour 2 hours
Seeding protocol

Figure 7. Comparison of seeding efficiency on PT and PT-Sr implants with/without fibronectin and incubation length of one or
two hours.

3.2.2 Effect of implant surfaces on attachment and morphology of HUVECs

The implants were subjected to incubation with cells for several days to assess the long-term
attachment of HUVECs on the surfaces with/without the fibronectin coating. The implants incubated
with cells for 4 and 7 days were imaged in SEM. The qualitative assessment conducted through SEM
imaging (Figure 8) revealed that implants without the protein coating presented a decreasing trend in
number of cells found on the implant surfaces, implying that cells fell off/left the implants during the
period of 7 days. Many cells were seen settled on the bottom of the wells already on day 4 after seeding,
where they continued to proliferate in the proximity of the implant. The metabolic activity of these cells
was assessed with a Presto Blue assay on day 1, 4 and 7 after seeding and the obtained data complied
with the previously mentioned observations presuming detachment of HUVECs from the implants
(Figure 9). On day 4, the fluorescence values were slightly lower for cells in the wells, indicating less
cumulative metabolic activity of the well, in comparison to cells on the implants (Figure 9A). This trend,
however, reversed over the next 3 days, resulting in much higher cellular activity detected in the wells
compared to the implants on day 7. A comparable trend was observed for both experimental
conditions (PT and PT-Sr implants) with no difference in metabolic activity between the two groups at
any of the defined time points. The cellular activity increased for both groups in the first few days, with
a peak on day 4, followed by a decline detected on day 7 (Figure 9B).

In contrast to that, the presence of fibronectin seemed to secure a stronger long-term attachment of
HUVECs even after 4 and 7 days and thereby could promote a further coverage of the samples by those
cells. Although there was no apparent observable increase in the number of cells incubated on surfaces
equipped with fibronectin between day 4 and 7, they seemed to gradually adopt a greater spread in
comparison to samples lacking the protein. However, even with the coating, some cells were still found
on the bottom of the wells, surrounding the PT and PT-Sr implants.

The images also depicted the variability of the implant topography and its effect on the coverage of its
surface by HUVECs. Noticeably more cells were found in the macropores (attributed to the design of
the implant) in between the partially molten metal particles, which seemed to provide a favourable
structural anchorage for HUVECs, than on the “smooth”/flat regions deprived of such structural
features. Overall, no differences in the behaviour of cells seeded on the surfaces of PT versus PT-Sr
implants were observed.
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Figure 9. Presto Blue depicting the differences in metabolic activity of cells seeded on the PT and PT-Sr implants and cells found in the
wells after incubation of 4 and 7 days.

3.2.3 Proliferation of HUVECs on the PEO treated surfaces

The proliferative response of HUVECs to PT and PT-Sr implants was investigated through an EdU
proliferation assay. The obtained results are shown in Figure 10A. The rate of actively proliferating
HUVECs seeded on PT and PT-Sr samples was found to be in the range of 40 - 65% throughout the
monitored time period (2, 4, and 7 days after seeding). The detected proliferative activity in the three
experimental conditions (Control, PT, PT-Sr) followed a similar trend at all time points, with the highest
values being reached on the second day. On day 4, cells on PT implants exhibited higher proliferative
activity than cells on PT-Sr surfaces. No differences were, however, observed at the other timepoints,
suggesting that the chemical composition of the two tested bioactive surfaces (PT and PT-Sr) does not
strongly influence the proliferation of HUVECs. Moreover, the effects of the PT and PT-Sr surfaces did
not vary from the control (cells seeded in wells), suggesting that the strontium surfaces do not impede
the endothelial proliferation.

ELISAs were performed to quantify the release of VEGF and FGF-21 by HUVECs on day 2, 4 and 7 of
culture (for more information about those growth factors, refer to Appendix 8.4.3). PT and PT-Sr
samples exhibited akin characteristics with respect to the FGF-21 and VEGF secretion by HUVECs
(Figure 10B and C). Relating the obtained results to the EdU data showed some correlation between
the proliferative rate and the FGF-21 levels. Clear interpretation, however, was complicated by the
relatively large error of ELISA replicates (especially for VEGF).

3.2.4 Effect of the PEO treated surfaces on wound healing

The healing capacity of HUVECs was assessed in a wound healing assay (sometimes also referred to as
scratch assay). In addition to the effect of ions released from the bioactive surfaces of the implants, this
set up and the selection of experimental groups intended to test also the effect of paracrine signalling
occurring between cells seeded on the implants (and placed in transwells) and cells seeded directly in
the wells, on wound healing.

The quantitative interpretation of the wound closure (in the bar chart in Figure 11) depicts the changes
in the wound width obtained from measurements carried out at 0 hours and then every 3 hours
between 12 and 21 hours. The cells seem to be more active throughout the first 12 hours, managing to
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Figure 10. Assessment of actively proliferating cells through A) EQU assay on days 2, 4 and 7 after seeding, and the expression of
B) FGF-21 and C) VEGF as a recorded response of HUVECs to the different implant surfaces on day 2,4 and 7.

close nearly 40 - 50% of the wound, while their healing efficiency decreased between 12 and 21 hours,
healing the wounds to about 55 - 65%. After 48 hours, all wounds were fully closed. The obtained data
showed no difference between the healing capacity elicited by the ionic products from PT and PT-Sr
samples alone (plate without cells). The results also imply that neither of the ionic products from PT
and PT-Sr implants instigated paracrine communication between the cells on the implants and cells
seeded in the wells, which would facilitate wound closure. All in all, a comparable decreasing trend
among all experimental groups without any significant differences was observed.

Figure 12 contains images of confluent monolayers of HUVECs before creating a scratch, and images
capturing the full width of a wound at 0 hours and a partially closed wound at 15 hours.
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Figure 11. Wound healing capacity depicted as the portion of the wound area measured at different time points; scratches were
made at 0 hours and counted as a reference (100%) for the following measurements.
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Figure 12. Images showing the confluency of cells, and wound area at 0 and 15 hours for the different experimental conditions.

3.2.5 Angiogenic capacity of the HUVECs and MSCs coculture system

To approximate the complex in vivo interactions occurring during the fracture healing process, HUVECs
were cultured for 4 days in CM obtained from MSCs. MSCs were cultured in culture media with and
without strontium. The subsequent effect of these conditions on HUVECs seeded on PEO modified
surfaces was assessed by comparing concentrations of two angiogenesis-related proteins, VEGF and
FGF-21, in three experimental groups, each containing different culturing media (CM-X, CM-Sr, EGM,;
section 2.2.10).
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Figure 13. VEGF and FGF-21 concentration detected in the 3 experimental groups (CM-X, CM-Sr, EGM), each comprising of two
conditions (PT and PT-Sr) after culturing HUVECs in the respective media for 4 days.

Figure 13 illustrates the results of the conducted ELISAs for VEGF and FGF-21 on the cocultures. The
obtained data indicated that VEGF reached higher values in groups containing either of the two CM
(CM-X and CM-Sr) in comparison to the EGM. The results for FGF-21 attained a similar trend of higher
protein concentrations in the coculture systems than in EGM only, although a significant improvement
was recorded only for PT-Sr condition. Neither of the three experimental groups demonstrated any
distinct effects between the two types of surfaces (PT vs PT-Sr) and two types of CM (CM-X vs CM-Sr) on
the VEGF and FGF-21 content in the media. VEGF was found to be expressed at higher levels (about 2 - 3
fold) in comparison to FGF-21. These findings showed that a coculture system comprising of MSCs (or
their CM) and HUVECs presented higher concentrations of VEGF and FGF-21 and thereby could offer
beneficial proangiogenic stimuli and promote the angiogenic commitment of HUVECs.
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4 Discussion

Aseptic loosening is recognized as one of the leading causes of implant failure after primary THA.
Incorporation of angiogenesis and osteogenesis boosting agents into the biomaterial’s surface could
strengthen the attachment at the bone-implant interface and very likely improve the failure odds.
Strontium has been recognized as a strong promotor of bone formation and its robust osteoconductive
character has been increasingly studied. This study addressed its potential role in the formation of
vascularized bone by investigating its effects on the behaviour of endothelial cells. For its auspicious
properties, combining this bioactive trace element with a suitable load bearing biomaterial could offer
a solution that could effectively promote osseointegration and grant a more secure attachment
between the bone and the implant.

4.1 Effect of PEO parameters on the surface properties of modified implants

Plasma electrolytic oxidation was employed for modification of the titanium implants. The implants
were subjected to PEO treatment in two electrolytes with different composition and at different current
densities, generating two types of surfaces (PT and PT-Sr) with comparable topographies and distinct
chemical composition.

The PEO treatment generally results in generation of a relatively diverse spectrum of phases on the
material’s surface. The final phase composition is dependent on the bulk material subjected to the
oxidation and the process parameters, such as electrolyte composition, oxidation time, applied current
density or voltage. The higher occurrence of TiO, in the tetragonal rutile morphology on the PT-Sr
samples can be attributed to the higher current density and oxidation time used for these implants,
resulting in convenient transformation of thermodynamically metastable anatase into more stable
rutile [42,43].

Hydroxyapatite, which comprises the inorganic component of bone crystals and its deposition on
biomaterials surfaces has been shown to have beneficial effects on bone formation, was not detected
on either of the two surfaces. The reason for its absence on PT samples may be the short PEO duration.
According to a previous study performing PEO in an electrolyte of identical composition, first HA
crystals were detected after 120 seconds [40]. Other PEO data obtained with electrolytes composed of
calcium acetate and calcium glycerophosphate (exact concentration was not given) showed that HA
started appearing on the surfaces only after 5 minutes and gradually became the major phase with
prolonged duration of the reaction [43]. Strontium analogue of HA, Sr;,0(PO4)s, was detected on PT-Sr
samples.

4.2 Response of HUVECs to the PEO treated implants

In this work, the response of HUVECs to the PEO treated 3D printed titanium implants was investigated.
Previously conducted studies of those surfaces with preosteoblastic cells confirmed their osteogenic
character while proposing a new fitting solution for load bearing orthopaedic implants [39,44] which
could effectively promote osseointegration and thereby secure a stronger attachment between the
biomaterial and the tissue. Considering the importance of blood vessel development in the early stages
of fracture healing (section 8.3.1 in the Appendix), it was imperative to investigate the effects of those
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surfaces on the behaviour of endothelial cells as a next step, to rule out any hindering/inhibitory effects
on the development of a healthy vascularized bone.

The exact mechanism by which strontium activates ECs and guides their angiogenic behaviour is not
yet fully known, however, the role of the calcium-sensing receptor (CaSR) has been speculated [25].
This receptor is inherently involved in the mechanism of strontium-facilitated osteogenesis. It can bind
strontium instead of calcium due to its similar atomic and ionic properties [45,46]. Confirming the role
of CaSRin the strontium-mediated angiogenic commitment of ECs would introduce a new and possibly
very effective system for the early development of well-vascularized bone.

Despite the limited knowledge on the role of this element in vessel formation, data from the reviewed
literature indicated favourable effects through enhanced endothelial activity and angiogenic
stimulation/differentiation with Sr** in the range of 1 - 6.0 mg/l (cumulative ions release after 7 days)
[23,28,47], which was in compliance with ion release profile of PT-Sr implants (6.7 mg/l Sr** after 7
days). The response of HUVECs to the strontium containing implants was evaluated through several
assays, assessing their attachment, morphology, proliferation, wound healing ability and angiogenic
potential/differentiation.

The topic of cell-biomaterial interactions has been widely investigated in the past and presently
numerous physical and chemical cues are known to control viability and further thriving of cells. The
first information about the compatibility of a biomaterial for adherent cells is the ability to sustain cell
attachment. This initial response is determinative for any further interactions, as cells cannot
proliferate and differentiate without attaining a proper anchorage [48,49]. The attachment of HUVECs
during seeding on the PT and PT-Sr surfaces was satisfactory, reaching over 80%. The present
knowledge about cellular adhesion strictly associates it with the degree of protein adsorption to the
biomaterial’s, which in turn can be facilitated by higher wettability and certain degree of surface
roughness [49-52]. The surfaces tested in this study presented submicron porosity, generated during
the PEO treatment. Such surfaces demonstrating submicron- and nanopatterns have been reported to
favour the attachment of endothelial cells [50,52-55] by offering larger surface area with higher number
of possible anchorage sites [48,49,51], promoting further their proliferation and other vital functions,
such as NO production expression of angiogenic factors [48,50,53,56]. Excessively hydrophilic surfaces,
on the other hand, were reported to be suboptimal for the attachment [57] and resulted in lesser
proliferative rate [48] suggesting each system must represent a set of balanced parameters for
maximizing the positive effects/outcomes.

Despite the good initial attachment demonstrated by high seeding efficiency of HUVECs on the
implants, cells were found to either fell off or leave the implant over the monitored period. After 7 days,
hardly any cells were found on the implant’s surfaces, suggesting that they lacked satisfactory cues for
long-term endothelial attachment and migration. To sustain the cell-biomaterial connection,
fibronectin coating was added to the seeding protocol. This extracellular matrix protein is known to
facilitate adherence of cells to many materials by increasing the number of points for focal adhesion
sites. Development of a bond between fibronectin and adhesion receptors in the cellular membrane
(integrins) [58] leads to activation of intracellular signalling pathways responsible for cellular viability,
proliferation and further differentiation [59]. The coated implants retained higher number of cells even
on day 4 and 7 after seeding, which was in line with findings in the literature [59].
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Unlike MSCs [39], HUVECs tested in this study failed to establish a homogenous layer, even on the
fibronectin coated surfaces, which is considered a prerequisite for endothelial sprouting preceding the
formation of a vascular network [60,61]. Although the EdU assay and ELISA provided data confirming
active proliferation of HUVECs on both PT and PT-Sr (with comparable results), the qualitative visual
analysis of the implants in SEM did not substantiate an increase in number of cells on the surfaces
between day 4 and 7. The images implicated that despite the active proliferation cells did not find
enough of satisfactory cues to remain on the surfaces and many eventually left the implants. The fallen
cells found on the bottom of the wells, however, continued to proliferate in the proximity of the
implant, suggesting that the concentration of ions released from the surfaces does not reduce the
viability of HUVECs.

Considering the complex characteristics of the PT and PT-Sr surfaces, it is unclear whether those
undesirable effects are a result of the chemical composition or the physical properties of the implants.
Theionic products from the implants did not show any facilitation in wound healing. The direct contact
of HUVECs with PT and PT-Sr surfaces did neither elicit paracrine communication between the cells
which would promote the closure of the created scratch, which is a result of a collective results of
cellular proliferation and migration. These findings are inconsistent with previously reported data in
the literature showing improved proliferation and migration (wound healing) properties of ECs
cultured with extracts from strontium containing materials [23-28] or seeded directly on their surfaces
[29,52] (in comparison to materials deprived of this element). However, it is imperative to account for
possible exposure of cells seeded on the surfaces to other factors introduced by materials, which may
also guide cellular responses (some of them were discussed earlier in this section). The anodized
titanium foils used in [52] were presented with nanoporous structures and the researchers also
reported the likelihood of those cues contributing to the enhanced endothelial activity. Varying surface
topographies between tested biomaterials, which could substantially affect the ECs activity along with
the chemical composition, were also reported in studies comparing the angiogenic properties of
calcium-polyphosphate-doped with strontium (SCPP) and without (CPP). The SCPP presented larger
and more interconnected pores, resulting in a smoother surface with greater amounts of Ca* and
(PO4)*, which overall favoured the endothelial activity [29,30,62].

This hindrance in proliferation and migration may be possibly attributed to the microrough character
of the surface, which in case of PT and PT-Sr implants is given by the manufacturing process. Surfaces
of moderate roughness have been reported to be suboptimal for endothelial cells over more
physiological smooth surfaces (smooth surfaces can still demonstrate submicron- and nanoroughness)
[61,63]. The features on such surfaces, like residual particles on the surfaces of PT and PT-Srimplants,
may represent obstructions for migration and proliferation of endothelial cells and impede cellular
clustering and endothelial intercellular contacts [61]. These are absolutely essential/vital for
angiogenesis, where stalk and tip cells migrate and proliferate together, creating sprouts which are
then gradually rebuilt into new functional vasculature [60]. Therefore, despite higher expression levels
of angiogenic markers on the rough surfaces, the proliferation and migration abilities of those ECs may
be of lesser value [61]. This finding can be applied on the results of this study and justify their
contradiction with findings in the literature reporting upregulated expression of angiogenic factors in
the presence of strontium containing biomaterials [23,24,29].
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All in all, neither of the PEO treated surfaces (PT and PT-Sr) did exhibit any superior effects on
endothelial activity, however, no hindrances presented by either of those two materials were detected
either. Another possible explanation for this endothelial behaviour could be an inadequate
concentration of strontium ions released from the surface into the medium. A study employing a
bioceramic material showed that even higher concentrations between 13-27 mg/| could favour the
angiogenic behaviour of endothelial cells [64], while few other materials proved to be effective even at
concentrations of less than 1 mg/l [21,24,30]. However, the vast majority of biomaterials investigated
in these studies were very complex with multiple (bioactive) elements in their composition and their
possible additive/synergistic effects should be taken into consideration. In this study, calcium was
released from both implants with relatively close release rates. This intracellular element possesses a
regulatory role in proliferation, migration and tube formation of endothelial cells [65,66] and therefore
may possibly influence HUVECs behaviour as well.

Despite the primary role of monoculture systems in the early stages of research, those models suffer
substantial limitations as they lack any interactions among cells of different origins. Therefore,
inclusion of multiple cell types must be considered when attempting to approximate the in vivo
situation.

The complementary relationships of MSCs, osteoblasts, fibroblasts, and immune cells with endothelial
cells, which are certainly vital for proper fracture repair, are an exemplary case [30,47,67,68]. In the
initial stages of bone healing, immune cells guide the inflammatory response and the onset of
angiogenesis. A description of the relationship between macrophages and ECs showed an improved
angiogenic response of ECs attained in conditioned medium from stimulated mouse monocytes [47].
The interactions of MSCs/osteoblastic cells with ECs, commonly used for coculture models of bone
fracture-related angiogenesis and also investigated in this study, develop later in the healing process.
Endothelial cells thrive in the presence of MSCs/osteoblasts and vice versa. The angiogenic and
osteogenic differentiation potentials are higher in comparison to respective monocultures, leading to
successful bone regeneration [69,70]. MSCs belong to a group of cell types capable of VEGF secretion,
which can mediate the endothelial differentiation, proliferation, and migration via paracrine signalling
pathways [21,71,72]. Studies have shown that cocultures of ECs and MSCs were beneficial for
differentiation of endothelial phenotype and expression of specific markers, such as CD31 and von
Willebrand factor, likely due to the delivery of VEGF to endothelial cells [71]. The symbiotic relationship
of the coculture has also been illustrated by the mutual attachment of MSCs and ECs (particularly
endothelial progenitor cells), which augmented the pluripotency of MSCs and simultaneously
promoted angiogenesis [73].

Under optimal conditions, production of angiogenic cytokines by MSCs/osteoblastic cells can be
increased. The use of strontium-containing biomaterials was reported to stimulate MSCs/osteoblastic
cells towards higher secretion of VEGF [23,29,74,75] and platelet-derived growth factor (PDGF)-BB [21],
which are both essential for angiogenesis. The subsequent use of such conditioned media with
supplementary growth factors for culturing of ECs ensured greater NO production [76] and augmented
recruitment and tube formation capacity of HUVECs [21,77]. A direct coculture of HUVECs and
osteoblastic cells on strontium containing scaffolds (SCPP) promoted growth, proliferation of both cell
types and increased expression of endothelial markers (PECAM1) and resulted in generation of longer
tubular structures, implying its angiogenic character for in vivo application [30,62].
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In this study, conditioned media obtained from MSCs cultured with and without strontium were used
for cultivation of HUVECs seeded on PT and PT-Sr implants. Experimental groups containing either of
the two conditioned media exhibited elevated VEGF and FGF-21 concentration, in comparison to the
EGM group (HUVECs cultured in unmodified EGM-2 medium), implying that the coculture systems
possessed greater angiogenic potential in comparison to the monoculture of ECs. However, the
detected protein concentration was a cumulative contribution from both cell types, necessitating
additional experiments to determine the augmenting effects of the CM on the VEGF and FGF-21
secretion by HUVECs seeded on PT and PT-Srimplants.

As addressed earlier in this section, host response to a material is not a single-cell operation, but rather
a result of complex signalling pathways mediating communication among various cell types, which
modulate the quality of the developing cell-material interface. For instance, an inconsistent response
of HUVECs to titanium substrates was observed, when culturing those cells alone or together with
osteoblastic cells. Researchers found, that monocultured HUVECs preferred smooth hydrophilic
surfaces, while in coculture they exhibited higher viability and proliferation rates on smooth
hydrophobic material [63]. This finding clearly evinced some of the inaccuracies manifested by
monoculture systems and provided substantial evidence that cellular responses are controlled not
only by the surface characteristics but guided also by presence and maturation/differentiation of other
cell types.

23



5 Conclusions

The aim of this study was to investigate the effects of strontium releasing titanium implants on the
behaviour of HUVECs. Therefore, 3D printed implants were surface modified by plasma electrolytic
oxidation (PEO) in electrolytes with/without Sr additions. Surfaces with comparable topography and
distinct chemical composition were successfully produced by optimization of the PEO conditions. The
in vitro tests conducted in this study with HUVECs did not reveal any enhancing effects of either of the
tested surfaces on the morphology, proliferation, wound healing and differentiation of HUVECs. The
implants topography and associated microroughness presented on the surfaces appeared to be rather
suboptimal for long-term attachment, proliferation and migration of endothelial cells, which can be
explained by their preference for physiologically more natural smooth surfaces. It should be noted that
those implants were designed primarily for bone cells and intended to promote their osteogenic
differentiation and deposition of new bone tissue. Therefore, before performing any optimization of
this implant design, further experiments need to be conducted to assess the response of HUVECs to
those surfaces in a more complex environment (coculture) and to validate the actual cause for the
observed endothelial behaviour. Only then, a proper conclusion about the implants ability to promote
early deposition of well-vascularized bone, which would secure a stronger connection with the implant,
can be made.
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6 Reflection on limitations and future recommendations

This work was a continuation to a past study investigating the effects of the strontium incorporating
implants on preosteoblastic cells [39]. The implants utilized in this study had been optimized for bone
cells and possessed optimal osteogenic surface properties. They were presented with macroporosity
by design, microroughness by manufacturing method and submicron porosity and distinct chemical
composition by PEO treatment, with the later three being known cues guiding cellular response.

The use of a new cell type necessitated adjustments to experimental protocols adopted from previous
work with MSCs/preosteoblasts (MC3T3-E1), by optimising individual steps with consideration to the
properties of HUVECs. A major challenge encountered during this project was the unexpected
behaviour of HUVECs on the implants’ surfaces throughout the performed assays. The seeding
efficiency of HUVECs was satisfactory and comparable with that of MSCs/preosteoblasts. Throughout
the monitoring period, however, HUVECs were found to gradually fall off/leave the implant’s surface.
This behaviour posed a fundamental hindrance for some assays; low and varying number of cells
obtained from the implants yielded unreliable data with large variability when performing absolute
count of cells detached from the implants. It also introduced obstacles for analysis of gene expression
due to low number of available replicates with sufficient amount of extracted cellular material (RNA).
The possible effects of the combination of the physical and chemical cues presented on the surfaces
on HUVECs were elaborated in the previous section (discussion). Findings from past research indicated
that the residual metal particles on the implants could hinder clustering of HUVECs and thereby impede
further proliferation and migration of those cells. To validate this assumption, further tests need to be
performed. It would be advisable to decouple the variables possibly affecting the cellular response and
test them individually in separate experimental setups. The effect of chemical composition can be
tested in extracts obtained from the implants. The role of microroughness can be further evaluated by
assessing response of HUVECs to (flat) casted PEO treated implants, which do not bear the round
particles on their surfaces.

The assessment can be carried out by checking the variability in expression levels of angiogenic (e.g.
VEGF, HIF1- a, PECAM1, FGF-21) and attachment markers (e.g. a5B1, av33, avf35) after exposing cells to
the different extracts and surfaces. Furthermore, proliferation and wound healing can be assessed, as
performed in this study to reach understanding about the ongoing intracellular processes driving the
observable interaction with other cell types and extracellular responses to the material.

However, care should be taken while implementing those results in the future designs. It should be
acknowledged that those implants were primarily intended for MSCs/osteoblastic cells which prosper
on the micro- and nanorough surfaces, while the macroporosity ensures a more stable fixation of the
implants in the regenerated bone tissue. Moreover, the selected strontium concentration was also
proven to guide the osteogenic differentiation of bone cells and augment the bone matrix deposition.
Changing those parameters to exclusively benefit ECs may compromise the osteogenic properties of
the implants which, however, should remain the primary focus.

The experiments conducted thus far implied slightly suboptimal character of the surfaces for HUVECs
but at the same time did not reveal any alarming inhibitory effects. Only further tests examining also
functional properties of HUVECs (such as sprouting) in 3D environment and their behaviour in more
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complex coculture systems, reflecting more closely the clinical situation, will determine the necessity
for any changes and the actual potential of these implants to enhance osseointegration.
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8 Appendix

8.1 Abbreviations

aMEM
ANG-1/2
BED
(B)MSCs
BSA
CaSR
cc
CD31
CM

d

DAPI
ECs
EDS
EdU
EGM-2
ELISA
EPCs
FCS
FGF

h

HA
hADSC
HEPES
HIF1-a
HUVECs
IRP
MAO
MC
MMPs
NO

OB

oD
PBS
PDGFs
PECAM1
PEO
PT(-Sr)
rhEGF

Minimum essential medium a
Angiopoietin 1/2

Backscattered electron detector

(Bone marrow-derived) mesenchymal stem cells
Bovine serum albumin

Calcium sensing receptor

Coculture

Cluster of differentiation 31

Conditioned medium

Days

4',6-diamidino-2-phenylindole

Endothelial cells

Energy-dispersive X-ray spectroscopy
5-ethynyl-2’-deoxyuridine
Endothelial cell growth medium 2
Enzyme-linked immunosorbent assay
Endothelial progenitor cells

Fetal calf serum

Fibroblast growth factor

Hours

Hydroxyapatite

Human adipose-derived stem cells
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
Hypoxia inducible factor 1 alpha

Human umbilical vein endothelial cells

lon release profile

Microarc oxidation

Material composition

Matrix metallopeptidases/ metalloproteinases
Nitric oxide

Osteoblasts/osteoblastic cells

Optical density

Phosphate-buffered saline

Platelet-derived growth factor

Platelet endothelial cell adhesion molecule
Plasma electrolytic oxidation

PEO treated sample (with strontium)
Recombinant human epidermal growth factor
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rhFGF Recombinant human fibroblast growth factor

RT-gPCR Reverse transcription-quantitative polymerase chain reaction
S Seconds

(S)CPP (Strontium) calcium polyphosphate
SED Secondary electron detector

SEM Scanning electron microscopy

SrA Strontium acetate

TCP Tricalcium phosphate

TGF-3 Transforming growth factor beta
THA Total hip arthroplasty

TJR Total joint replacement

VEGF Vascular endothelial growth factor
w weeks
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8.3 Supplementary material

8.3.1 Angiogenesis and its role in fracture healing

After a bone replacement surgery, the body suffers local tissue damage analogous to that of a fracture.
The blood supply is disrupted and the local environment loses mechanical stability [16,78]. New bone
and vascular tissue must both be generated to restore homeostasis. The mutual dependence of
angiogenesis and osteogenesis has been recognized by many studies as being critical for achieving
successful bone repair, as impaired angiogenic ability or significantly damaged vasculature has been
associated with increased occurrence of nonunions or delayed repair [18,19,79-81]. The fracture
healing process is illustrated in Figure 14.

In the immediate aftermath of tissue damage, the wound elicits inflammatory and haemostatic
reactions, defined by orchestrated molecular cascades, blood vessel constriction, blood coagulation,
and the formation of a fibrin-rich blood clot at the affected site [18,80,82]. The clot is characterized by
hypoxia and low pH and serves as a temporary scaffold at the wounded site [18]. It is also a source for
cytokines and signalling molecules, which together with environmental factors (hypoxia) are
responsible for the recruitment of MSCs, endothelial progenitor cells (EPCs), and inflammatory cells
from their local sources [14,17,78,82,83].
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Figure 14. An illustration depicting the stages of fracture healing: 1) In the initial inflammatory phase (lasting up to 7 days after
injury), the increased blood delivery to the affected site results in the formation of hematoma with a high content of cytokines; 2)
Cells attracted by cytokines and environmental factors (hypoxia, low pH, HIFI-alpha, VEGF) are responsible for the repair of
damaged vessels and formation of provisional fibrous tissue called callus (7-10 days after injury); 3) At around two weeks after
injury, MSCs undergo differentiation into osteoblasts and chondrocytes governed by Wnt and BMP signalling and provisional woven
bone is generated; 4) In the final phase starting 3-4 weeks after injury and lasting up to several years, the woven bone is replaced
by lamellar bone.

The initial inflammatory reaction has a substantial influence on the formation of a callus, i.e. a
fibrovascular tissue that provides a more stable support/matrix for the further development of blood
vessels and bone tissue [16,78,81]. Through reciprocal signalling, vasculature and bone mature side by
side. Hypertrophic chondrocytes and cells of the osteoblastic lineage contribute to the secretion of
vascular endothelial growth factor (VEGF) [84], a pro-angiogenic factor that, in synergy with several
bone morphogenic proteins (BMPs), increases the recruitment of MSCs and encourages their
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differentiation towards osteoblasts [16]. Stimulated ECs proliferate, migrate, and develop into
structures to form new vessels and restore the blood flow in the callus. The vasculature surrounding
and growing into the provisional fibrous tissue is vital for its replacement by the hard callus, as it
enables sufficient delivery of oxygen and nutrients required for this endochondral ossification and
helps to convey osterix-positive osteoprogenitor cells from the perichondrium into the metaphysis,
contributing to osteoblastogenesis inside the bone [14,16,19,78,79,84-86]. Finally, the provisional
woven bone is remodelled through repetitive tissue resorption and deposition cycles and replaced by
a functional lamellar bone [14,78,79].

The vascular network can be formed via two processes, angiogenesis and vasculogenesis, which are
often incorrectly interchanged despite their substantial differences. Vasculogenesis employs the
endothelial progenitor cells (EPCs), which are obtained from different sources. The recruitment of EPCs
is governed by molecular (cytokines) and environmental (hypoxic) factors. These cells then further
differentiate into mature endothelial cells and develop de novo (new) blood vessels [15-17,82]. The
importance of vasculogenesis in the onset of vascularization during embryonic development has been
known for decades, but recent studies confirmed its role also postnatally [15]. Angiogenesis, on the
other hand, utilizes the existing vasculature and is the dominant vessel formation process in tissue
repair and tumour growth. It differentiates between two mechanisms of network growth: sprouting
and splitting of the blood vessels [15-17,82]. The latter process, also called intussusceptive
angiogenesis, is usually observed in well-perfused regions undergoing morphological changes, such as
remodelling or growth. In contrast, areas with no or very little blood supply, such as wounds, are
characterised by proliferative branching (sprouts) from the remaining vasculature, thus forming a new
capillary network [15,87,88]. Sprouting angiogenesis, the prevailing revascularization mechanism for
fracture healing, is defined by the following stages which are also illustrated in Figure 15.

1) Firstly, the basement membrane of the blood vessels, which together with mural cells (vascular
smooth muscle cells and pericytes) prevents ECs from leaving their designated location in the
vascular wall, must be degraded to liberate the ECs. Major biomolecular factors of this phase
include matrix metalloproteinases, which define the extent of the membrane degradation and
at the same time are responsible for the secretion of angiogenic factors, such as vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF), and transforming growth
factor beta (TGF-B), as well as activation of relevant angiogenic chemokines [15,20,89].

2) The sprouting angiogenesis is characterized by endothelial cells of distinct (but reversible)
function and morphology. The new branches comprise of tip and stalk cells. The establishing
capillaries are guided by mildly proliferative tip cells, contain many filopodia and navigate the
new vessels toward a relevant (angiogenic) stimulus (hypoxia, biochemical gradient) [15,20].

3) The new endothelial branch is initially formed as a solid cord without a lumen. The growth and
branching of the new vessel are mainly determined by the proliferation of stalk cells, which, in
contrast to tip cells, are characterized by fewer filopodia [15]. Moreover, they are responsible
for the production of the basement membrane and the establishment of junctions with
neighbouring cells [15,89].

4) Stalk cells are responsible not only for the elongation of the branches but also for lumen
formation, which is achieved by the tubular arrangement of these cells. Past studies introduced
two mechanisms, in which the lumen is formed either by “cell hollowing” or “cord hollowing”.
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The “cell hollowing” theory works on the assumption that the intracellular vacuoles of adjacent
endothelial cells connect, thus creating inner space. The more recent “cord hollowing” theory,
on the other hand, explains the lumen formation with cells acquiring a distinct phenotype,
subsequent rearrangement of neighbouring cells, and lumen opening as a result of repulsive
forces on the established inner membrane [15,89,90].

5) Once the lumen is established, the blood flow initiates. The contiguous tubular branches are
then coalesced, forming an interconnected network. The new vasculature is then corrected
through remodelling and pruning; the nutritional demands give rise to small and large vessels,
whereas local levels of oxygen and VEGF determine apoptosis of some ECs to accomplish the
optimal vascular density [15,89].
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Figure 15. An illustration of sprouting angiogenesis. The presence of different factors (hypoxia, HIF1- alpha, VEGF) can initiate
angiogenesis, which is divided into 4 stages: 1) In the first stage, the membrane degrades resulting in the liberation of ECs; 2) The
cells proliferate and migrate, thereby establishing new branches of the vascular network; 3) The new branches are initially formed
without a lumen and are hollowed in a subsequent stage; 4) The new endothelium matures, and blood flow is established through
the new vessels.

The blood vessel formation process is governed by several biomolecular factors. The hypoxic
conditions and increased lactate levels, characteristic for the hematoma and callus at the site of an
injury, stabilize expression of hypoxia-inducible factor 1 alpha (HIF1-a) [14,17,18,83]. According to
some studies conducted in mice, the increased expression of HIF1-a was associated with hyper-
vascularisation, while its depletion resulted in delayed callus formation [17]. HIF1-a drives expression
of VEGF, which promotes both the angiogenic and vasculogenic processes [17,18], and more than 60
factors related to adaptation in hypoxic conditions [90]. VEGF is secreted by many cells, including MSCs,
osteoblasts, hypertrophic chondrocytes, but also inflammatory cells [16]. It stimulates proliferation
and sprouting of endothelial cells and its expression attracts EPCs towards the site of injury. Studies
have shown that inhibition or deficiency of VEGF is reflected in the reduced angiogenic potential,
healing ability, and quality of the newly formed tissue [14,17,18,78,83]. Platelet endothelial cell
adhesion molecule (PECAM1), also known as cluster of differentiation 31 (CD31), is an adhesion and
signalling molecule expressed by vascular cells. In coordination with other molecules, it has been
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demonstrated to promote the migration of endothelial cells while also ensuring maintenance of
cellular integrity in terms of proper barrier function (permeability) and cell-cell junctions [91].

8.3.2 Voltage transients during PEO and SEM-EDS surface analyses

The curves of voltage-time (V-t) response recorded during the PEO surface treatments are portrayed in
Figure 16 and the curve characteristics are summarized in Table 1.

The chemical composition of the surfaces was analysed by EDS and the results are summarized in Table
2. The analysis confirmed presence of Ti, Al, V, O, Ca and P on both PT and PT-Sr samples. The high
content of detected Ti and O implied that TiO,, resulting from oxidation of the titanium substrate, is a
major constituent of the growing oxide layer. The presence of phosphor and calcium was more
profound on PT samples, with the latter due to its possible substitution by strontium atoms on PT-Sr
samples.
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Figure 16. The evolution of the voltage during the PEO process in electrolytes without (PT) and with (PT-Sr) strontium.

Table 1. Summary of V-t curves characteristics PT and PT-Sr samples and values of electrolytes’ conductivities.

Average initial Breakdown Time to breakdown Final voltage Electrolyte’s
voltage increase rate voltage voltage conductivity
[V/s] (V] [s] [v] [mS/cm]
PT 10+ 0.5 139+45 14+15 192+6.5 10.43+0.1
PT-Sr 8+1.0 90+1.0 11+£15 138+3.5 3410+0.1

Table 2. Chemical composition ofthe PT and PT-Sr surfaces generated through PEO treatment [wt.%] obtained from EDS

analysis.
C o Al P Ca Ti v Sr
PT 180+090 41.0+£250 20£015 45+0.50 70+120 265+£250 1.0+£0.45 -
PT-Sr 165+0.65 350+£190 2.0+£0.50 0.22 15+£020 345+450 2.2 13.0+1.50
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8.4 Additional assays with HUVECs seeded on strontium releasing implants

8.4.1 Visualization of the implant coverage by HUVECs using DAPI staining

Implants with/without strontium seeded with 300 000 cells were cultured for 1,4 and 7 days. After each
timepoint, the cells were washed with PBS, fixed with 4 % PFA + 1% GA in PBS (PBS; pH 7.4) for 15
minutes and washed twice with demi-water. Aliquot DAPI staining solution was added to each well,
followed by 5 minutes of incubation in the dark. The stained cells were then imaged on a fluorescent
microscope (Carl Zeiss, Axiovert 200M).

Before establishing an optimized seeding protocol with fibronectin, DAPI staining was used to visualize
the occupation of PT and PT-Sr implants by HUVECs. The samples were incubated for 1, 4 and 7 days
and the number of cells found on the surfaces was compared. The results summarized in Figure 17
show a decreasing trend of cellular coverage occupation throughout the period. On day 1, both PT and
PT-Srimplants were fully covered and only few detached cells were seen on the bottom of wells. After
4 days, the surfaces clearly contained fewer cells, while the number of cells found in the wells increased.
On day 7, only few cells were still attached on the implants, while many seemed to have left the
implant’s surface and prefer proliferating on the bottoms of the wells in the proximity of PT and PT-Sr
implants. There was no observed difference in the effects of PT and PT-Sr surfaces on the cellular
coverage.

8.4.2 Gene expression

Implants with/without strontium seeded with HUVECs were cultured for 1, 4 and 7 days. As control,
HUVECs at the density of 10 000 cells/well were seeded in a 48-well plate. For RNA isolation, RNeasy
Micro Kit (Qiagen, Cat No. 74004) was used. At each timepoint, cells were washed with PBS before
proceeding with RNA isolation protocol.

1days 3days 7 days

PT-Sr

Figure 17. DAPI staining of HUVECs on PT and PT-Srimplants 1, 4 and 7 days.
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RNA isolation

The implants with cells were transferred to 0.2 ml PCR Eppendorf tubes, 150 ul of RLT buffer was added
and the tubes were vortexed to homogenize the suspension. Cells grown in a monolayer in a 48-well
plate were added 75 pl of RLT buffer and scraped with a pipet tip. The cell lysates were pipetted to mix,
transferred to 1.5 ml tubes and homogenized by vortex. One volume of 70 % ethanol was added to the
lysate and mixed by pipetting. The samples were then transferred to a RNeasy MinElute spin columns
placed in 2 ml collection tubes and centrifuged for 15 seconds at 10 000 rpm (8000 g). The flow through
was discarded, 350 pl of RW1 buffer was added to each RNeasy MinElute spin column, and the samples
were centrifuged for 15 seconds at 10 000 rpm. After that, 10 ul DNase | stock solution and 70ul RDD
buffer was added to each sample, followed by an incubation at room temperature (20 - 30°C) for 15
minutes. An aliquot of 350ul RW1 buffer was added to each column and they were centrifuged for 15
seconds at 10000 rpm. In the next step, 500ul RPE was pipetted in the spin columns, they were
centrifuged for 15 seconds at 10 000 rpm and the flow through was discarded. Subsequently, 500ul of
80% ethanol was added to the column and centrifuged for 2min at 10 000 rpm. The columns were
placed in new 2 ml collection tubes and centrifuged at full speed for 5 minutes. The columns were
placed in new 1.5 ml tubes, 10 ul RNase-free water was added directly to the centre of

the spin column membrane and samples were centrifuged for 1 min at full speed (this step was
repeated).

Nanodrop

In order to determine the amount of obtained RNA, nanodrop test was performed (QIAxpert and
QlAxpert Software v 2.4, Qiagen). From each sample, 2 pl of resuspended RNA was pipetted on the slide
and inserted into the QIAxpert. The amount of RNA in the sample was automatically measured. Based
on the results, concentrations of all samples were corrected to 500 ng/10 pl for further use.

cDNA synthesis

In the first step, 2 pl of gDNA removal mix, template RNA and RNase-free water were mixed in total
volume of 15 pl containing 500 ng of RNA. The mix was then incubated at 45°C for 2 minutes. Reverse
transcription enzyme and reverse transcription mix, 1 and 4 ul respectively, were then added to each
sample. In a -RT sample deprived of reverse transcriptase, 1 ul of reverse transcription enzyme was
substituted with 1 ul of RNase free water. The samples were then incubated at 25°C for 3 minutes, at
45°C for 10 minutes and finally at 85°C for 5 minutes to inactivate the enzyme. The tubes were then
stored on ice before proceeding with qRT-PCR.

qPCR

Primers crossing an exon-exon boundary for specificity were generated and ordered from Sigma
Aldrich and Integrated DNA Technologies (Table 3). Primer working stocks (10 uM) were created with
RNAse free water. Total reaction volume of 20 ul per sample was obtained by combining 10 ul of
2x QuantiNova SYBR green PCR master mix, 1.4 ul of forward primer, 1.4 ul of reverse primer, 2.2 ul of
RNase-free water and 5 pl of cDNA. The Samples were then thoroughly mixed and pipetted in 50 pl
Rotor X gene PCR Tubes. A protocol with a 2-minute incubation at 95°C followed by 35 incubation cycles
of 95°C for 5 seconds and 60°C for 10 seconds was selected.
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Table 3. Forward and reverse primer sequences of the 3 tested angiogenic genes and a housekeeping gene.

Primer Primer sequence forward Primer sequence reverse
RPL30 ACAGCATGCGGAAAATACTAC AAAGGAAAATTTTGCAGGTTT
VEGFA ACAACAAATGTGAATGCAGACCA TACCGGGATTTCTTGCGCTT
HIF1A GAGGGAGCCAGCGCTTAG ACTTATCTTTTTCTTGTCGTTCGC
PECAM1 ATACTCTAGAACGGAAGGCTCC ATGTCCTTCCAGGGATGTGC

RNAse-free water and a -RT sample were used as controls. RPL30 was used as a housekeeping gene and
used for correction of the tested genes. The forward and reverse primer sequences of the 3
angiogenesis related genes (VEGFA, HIF1A, PECAM1) and a housekeeping gene (RPL30) are summarized
in Table 3.

The results of the performed gPCR are depicted in Figure 18. Unfortunately, the low amount of
extracted RNA yielded insufficient number of replicates per condition. Moreover, the possible
variability of cells per implant resulted in relatively large errors. Those challenges were discussed in
section 6.

8.4.3 Gene selection for ELISA

The cells were also tested on secretion of angiogenesis-related signalling molecules VEGF and FGF-21.
VEGF is an essential promotor of angiogenesis, guiding/driving expression of more than 60 factors
related to adaptation in hypoxic conditions [90]. It stimulates proliferation and sprouting of endothelial
cells and studies have shown that inhibition or deficiency of VEGF is reflected in the reduced angiogenic
potential, healing ability, and quality of the newly formed tissue [14,17,18,78,83]. FGF-21 has been
inherently associated with cellular survival. A link between its inhibition and compromised growth and
proliferative and migration capacity of endothelial cells has been identified, indicating its vital role in
angiogenesis [92-94].
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Figure 18. Expression of angiogenesis-related genes HiF1-alpha, PECAM1 and VEGF by HUVECs on day 1 and 4 after seeding. The
analysis revealed relatively large standard deviation for the samples, resulting most likely from differences in cell number between
replicates. Moreover, insufficient amount of cellular materials led to low number of replicates per condition, questioning reliability of
those results.
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