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A B S T R A C T

Titanium-based dental implants have been highly optimized to enhance osseointegration, but little attention has
been given to the soft tissue-implant interface, despite being a major contributor to long term implant stability.
This is strongly linked to a lack of model systems that enable the reliable evaluation of soft tissue-implant in-
teractions. Current in vitro platforms to assess these interactions are very simplistic, thus suffering from limited
biological relevance and sensitivity to varying implant surface properties. The aim of this study was to investigate
how blood-implant interactions affect downstream responses of different soft tissue cells to implants in vitro, thus
taking into account not only the early events of blood coagulation upon implantation, but also the multicellular
nature of soft tissue. For this, three surfaces (smooth and hydrophobic; rough and hydrophobic; rough and hy-
drophilic with nanostructures), which reflect a wide range of implant surface properties, were used to study
blood-material interactions as well as cell-material interactions in the presence and absence of blood. Rough
surfaces stimulated denser fibrin network formation compared to smooth surfaces and hydrophilicity accelerated
the rate of blood coagulation compared to hydrophobic surfaces. In the absence of blood, smooth surfaces sup-
ported enhanced attachment of human gingival fibroblasts and keratinocytes, but limited changes in gene
expression and cytokine production were observed between surfaces. In the presence of blood, rough surfaces
supported enhanced fibroblast attachment and stimulated a stronger anti-inflammatory response from
macrophage-like cells than smooth surfaces, but only smooth surfaces were capable of supporting long-term
keratinocyte attachment and formation of a layer of epithelial cells. These findings indicate that surface prop-
erties not only govern blood-implant interactions, but that this can in turn also significantly modulate subsequent
soft tissue cell-implant interactions.
1. Introduction

Dental implants are routinely used in modern oral maxillofacial sur-
gery, with more than 5million individual implants being placed in the US
annually and a growing market estimated to be worth over USD 10
billion [1]. Ideally, dental implants should achieve long-termmechanical
stability, which is determined by how they integrate with both soft tissue
and underlying supporting bone [2,3]. Titanium (Ti) and its alloys have
been widely used for dental implants due to their cytocompatibility and
their tough mechanical properties [4]. Ti surface properties have been
highly optimized to support osseointegration [5,6], to ultimately
enhance the clinical success rate of implants [7]. However, despite being
a key factor for long term implant stability, less attention has been given
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to the interface between implants and soft tissue [2,8]. Peri-implantitis,
the destructive inflammation of the soft tissue-implant interface, is one
of the main driving factors of implant failure [9,10]. With this in mind,
investigating how dental implant surface properties impact the response
of soft tissue cells is highly warranted, as it could inform the development
of future implants to mitigate the effects of peri-implantitis.

In vitro platforms to study osseointegration have facilitated advances
in the development of implant surfaces for dental applications [11–13].
To this end, increasing hydrophilicity and higher surface roughness have
been demonstrated to enhance osteoblast proliferation and improve the
osseointegration potential, in comparison to hydrophobic and smoother
surfaces [14–16]. However, when assessing soft tissue-implant in-
teractions, even sophisticated 3D in vitro platforms suffer from limited
2022
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biological relevance and sensitivity to varying implant surface properties
[17]. Some more simplified studies in 2D have shown that surface
roughness is an important parameter for the attachment and growth of
gingival fibroblasts [18,19] and keratinocytes [20], suggesting that
smoother or finely grooved Ti surfaces are favourable for soft tissue
integration compared to rougher surfaces [21,22]. Conversely, rougher
surfaces were shown to stimulate macrophage activation towards an
anti-inflammatory (M2-like) phenotype, while smoother surfaces pro-
mote a pro-inflammatory (M1-like) phenotype [15,23]. Collectively,
previous studies highlight that there is a lack of consensus on the ideal
surface properties to stimulate healthy soft tissue integration. Addition-
ally, these studies in 2D share the common limitation that their impli-
cations for soft tissue-implant integration are based on findings from a
single cell type and that blood-implant interactions are not taken into
account.

When placing an implant, blood emerges from the wound and comes
into contact with the implant, resulting in protein adsorption and even-
tually blood coagulation. Thus, cells from the surrounding tissue never
see the bare implant material. Despite this, blood-implant interactions
are generally omitted from in vitro studies, thus potentially reducing the
biological relevance of their findings. In the context of osseointegration,
pre-incubation of implant surfaces with human whole blood, prior to
seeding bone progenitor cells, has demonstrated the capacity to improve
the biological relevance of in vitro findings, while yielding a high degree
of correlation with in vivo data [11,16,24]. Specifically, the adsorption of
blood plasma proteins, platelet adhesion and activation, as well as the
release of wound healing growth factors and the formation of a blood
fibrin network on an implant surface, is correlated with improved
mineralization [11,16]. Thus, while blood-implant interactions might be
of biological relevance for the subsequent response of soft tissue cells, as
has been suggested in a study investigating the interaction between
dermal fibroblasts and blood clot formation [25], their impact on
gingival fibroblasts, keratinocytes, and macrophages currently remains
poorly understood.

The central hypothesis of this study is that blood-implant interactions
have a major influence on the quality of the soft tissue-implant interface,
resulting in increased biological sensitivity of gingival cells to changes in
surface properties. Ti implant surfaces that are both clinically available
and have a wide range of surface properties were used to study the
biological response of human gingival fibroblasts (HGFs), gingival ker-
atinocytes (HGKs), and THP-1-derived macrophage-like cells, with and
without a pre-incubation step in human whole blood. The surfaces used
include Machined (smooth and hydrophobic), SLA-Hphob (rough and
hydrophobic), and SLActive-HphilNS (rough, hydrophilic, and with
nanostructures). Blood-implant interactions were assessed in terms of
fibrin network formation and cytokine production (IL-8, IL-6, VEGF and
TNF-α). Cell-implant interactions, in the presence and absence of blood,
were evaluated in terms of cell attachment, morphology and size,
metabolic activity and total DNA content, cytokine production, and gene
expression of pro- and anti-inflammatory markers (CXCL10 and CD206).
This approach facilitated decoupling of the effects of Ti implant surface
properties on blood-implant and cell-implant interactions, providing a
more biologically relevant in vitro platform for the evaluation of soft
tissue integration.

2. Materials and methods

2.1. Cell culture

Primary human gingival fibroblasts (HGFs, ScienCell, USA) were
expanded in growth medium consisting of Dulbecco's Modified Eagle's
Medium (DMEM, 4.5 g/L glucose, Sigma, Switzerland) with 10% foetal
bovine serum (FBS, Sigma) and 1% penicillin – streptomycin (P/S, 5 mg/
mL, Sigma).

Primary human gingival epithelial cells (HGEPps, CELLnTEC,
Switzerland) representing human gingival keratinocytes (HGKs) were
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expanded in keratinocyte medium (CnT-57; CELLnTEC).
A human monocytic leukaemia cell line (THP-1, ECACC 88081201,

UK) was used to generate macrophage-like cells. THP-1 cells were
expanded in growth medium consisting of RPMI 1640 Medium (Sigma)
supplemented with 10% FBS, 1% P/S and 1% L-glut (360 mg/mL,
Sigma), and differentiated into macrophage-like cells by supplementing
the medium with 100 nM phorbol myristate acetate (PMA; Sigma) for 3
days. To stimulate a pro-inflammatory (M1-like) phenotype, macro-
phages were subjected to 100 ng/mL LPS (Sigma) and 20 ng/mL inter-
feron-γ (Miltenyi Biotec, Switzerland), while to stimulate an anti-
inflammatory (M2-like) phenotype, 20 ng/mL interleukin-4 (Miltenyi
Biotec) was used, as previously reported [26].

HGFs, HGKs, and THP-1 cells were cultured at 37 �C with 5% of CO2.
Growthmediumwas changed every three days and cells were passaged at
70–90% confluency. Subculture passages 1 to 8 were used for experi-
ments involving HGFs and HGKs, while THP-1 cells were used between
passage 6 and 18.

2.2. Ti surface pre-incubation with human whole blood

Three types of titanium grade 4 discs (5 mm diameter and 1 mm
height) with clinically used dental implant surface modifications were
used in this study: Machined, SLA-Hphob and SLActive-HphilNS, kindly
provided by Institut Straumann AG (Switzerland). Machined samples are
produced via a grinding process, SLA is a commercially available sand-
blasted, large-grit, acid etched surface, while SLActive is chemically
modified SLA that exhibits increased hydrophilicity and features nano-
structures [27,28]. The contact angle was evaluated by contact-angle
measurements using a sessile-drop test with ultrapure water (EasyDrop
DSA20E, Krüss GmbH) and a droplet size of up to 0.3 μL. The roughness
was analyzed using a confocal microscope (μsurf explorer, NanoFocus
AG), with a measurement area of 798 � 798 μm2 and a lateral resolution
of 1.56 μm. Roughness values were determined by applying a Gaussian
filter with a cut-off wavelength of 50 μm. All discs were sterilized using
gamma sterilization.

Ti surfaces were pre-incubated with partially heparinized (0.5 IU/mL,
Sigma) human whole blood, taken from healthy male and female donors
aged 18–55 years (ethical approval was obtained from the local ethics
committee; EKSG, BASEC Nr PB_2016_00816) and used within 1 h after
withdrawal. Each experiment was repeated at least 3 times with different
donors each time. The time for blood clot formation was estimated
individually for each donor using SLActive-HphilNS as a reference as
described previously [24] and was found to be generally between 15 and
30 min. Samples were incubated with blood in custom-made Teflon
moulds, washed with phosphate buffered saline (PBS, Sigma) three times
and transferred to a 96-well plate format for seeding of HGFs, HGKs, or
macrophage-like cells. HGFs and HGKs were seeded at a density of 20,
000 cells/cm2, while macrophage-like cells were seeded at a density of
250,000 cells/cm2 in basal medium without M1 or M2 stimulation fac-
tors. For comparison, macrophage-like cells were also seeded on TCP,
where they were stimulated with M1 and M2 factors for 24 h. After 24 h,
cell seeded Ti samples were transferred to new wells for the remaining
culture period.

2.3. Analysis of blood- and cell-implant interactions

Scanning electron microscopy (SEM) was used to assess the topog-
raphy of the Ti implant surfaces, fibrin network formation, and cell
attachment on different surfaces. Ti samples were fixed with Karnovsky
solution (4% paraformaldehyde, 2.5% glutaraldehyde) for 1 h and
washed twice with PBS after 1 day in culture. Samples were dehydrated
in an increasing gradient of ethanol (EtOH) as follows: 50%, 70%, and
80% EtOH for 30 min, 90% and 100% EtOH for 60 min, and finally in
hexamethyldisilazane (Sigma) for 30 min, and left to dry overnight.
Samples were sputter coated with a 5 nm layer of gold/palladium (EM
ACE600, Leica Microsystems, Switzerland) before imaging at an
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accelerating voltage of 2.0 kV (Hitachi S-4800, Hitachi-High
Technologies).

Confocal laser scanning microscopy (CLSM) was also used to assess
fibrin network formation and cell attachment on Ti implant surfaces.
After 1, 3 and 7 days post-seeding, samples were fixed with 4% para-
formaldehyde (4% PFA; 25 mM HEPES, 10 mM EDTA, 3 mM MgCl2, 65
mM PIPES) for 30 min and then permeabilized with 0.1% Triton X
(Sigma) for 30 min. Samples were stained with mouse anti-fibrinogen
(1:200, ThermoFisher), or mouse anti-vinculin (1:200, ThermoFisher),
followed by anti-mouse Alexa Fluor 555 (1:200, ThermoFisher) anti-
bodies. Cell nuclei and actin filaments were then counter stained with
40,6-diamidino-2-phenylindole (1:500, DAPI, Sigma), and Alexa Fluor
488-conjugated phalloidin (1:200, ThermoFisher). Samples were imaged
on a LSM 780 (Zeiss, Germany) and the average cell size was obtained
using ImageJ, as previously described [29].

TEM cross-sections were prepared using a Tescan Lyra focused ion
beam system. TEM images were acquired at 200 keV with a Thermo
Scientific Titan Themis 200 G3. EDX was used to differentiate between
the various organic components (erythrocytes, fibrin network, and HGFs)
on the Ti implant surface, and the images were manually segmented
using this information.
2.4. Assessment of cell proliferation on Ti surfaces

Cell proliferation of HGFs, HGKs, and macrophage-like cells, was
evaluated in this study using a metabolic activity assay (PrestoBlue assay,
ThermoFisher) and dsDNA quantification (PicoGreen assay, Thermo-
Fisher) following the manufacturer's instructions. In brief, after trans-
ferring samples to a new 96-well plate at each timepoint, metabolic
activity of cells on Ti surfaces was determined using the PrestoBlue re-
agent at days 1, 3, and 7 post-seeding. Fluorescence was measured with
excitation and emission wavelengths set at 560 and 590 nm (Mithras2
plate reader, Berthold Technologies). The dsDNA mass of cells on Ti
surfaces was determined at days 1 and 7 post-seeding for HGFs and
HGKs, and at days 1 and 3 post-seeding for macrophage-like cells (due to
their short activity). The dsDNA levels from blood cells on samples was
determined and subtracted from the levels recorded from samples
cultured with both blood and cells. The reported metabolic activity levels
come with the caveat that they include both the metabolic activity of
blood cells and the cells subsequently seeded on the surface.
2.5. Evaluation of cytokine production by cells on Ti surfaces

The production of inflammatory and wound healing-related cytokines
by HGFs, HGKs, and macrophage-like cells, was evaluated using the
culture medium collected from samples after 3 and 7 days (1 and 3 days
for macrophage-like cells). Cytokine concentrations of interleukin-8 (IL-
8), interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-α), and
vascular endothelial growth factor (VEGF), were quantified using
enzyme-linked immunosorbent assays (ELISA) (Invitrogen, Switzerland),
following the manufacturer's protocol. The cytokine levels produced by
blood cells on samples were determined and subtracted from the levels
recorded from samples cultured with both blood and cells.
Table 1
List of primers used for qPCR analysis.

Target gene Forward Primer (50-30)

GAPDH AGTCAGCCGCATCTTCTTTT
PPARγ TTGCTGTCATTATTCTCAGTGGA
CD206 GCTACCCCTGCTCCTGGTTT
TNFα CCGTCTCCTACCAGACCAAG
CXCL10 CAGTCTCAGCACCATGAATCAA
CCL22 GCGTGGTGTTGCTAACCTTC
IL-10 ACATCAAGGCGCATGTGAAC
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2.6. Evaluation of macrophage-like cell gene expression on Ti surfaces

After 24 h of culture, macrophage-like cells on Ti discs were lysed and
RNA was isolated using the RNeasy Mini Kit (Qiagen, Germany), ac-
cording to the manufacturer's protocol. The RNA from 3 replicate sam-
ples was pooled before assessing RNA concentration and quality using a
Nanodrop ND-1000 Spectrometer (Thermo Scientific). RNA (400 ng) was
transcribed to cDNA using the iScript cDNA synthesis kit (Bio-Rad,
Switzerland). A temperature profile of 5 min priming at 25 �C, followed
by reverse transcription at 42 �C for 30 min, and inactivation at 85 �C for
5 min was performed. After cooling down to 4 �C, the cDNA was diluted
in RNAse free water to a final concentration of 1.5 ng/μL and stored at �
80 �C for subsequent use.

Based on our previously reported investigation of M1 andM2markers
using the same macrophage-like cells [26], real time-qPCR reactions
were set up to evaluate the gene expression of anti-inflammatory M2
markers PPAR-γ, CD206, CCL22, and IL-10, as well as pro-inflammatory
M1 markers TNF-α and CXCL10. Reactions were performed according to
the manufacturer's protocol using the iQ SYBR Green Supermix kit
(Bio-Rad), with the primers listed in the Table below (Table 1). Reactions
were carried out with the CFX Opus 384 RT-PCR System (Bio-Rad). Each
reaction was made up to a total volume of 12 μL, consisting of 5 μL cDNA,
0.24 μL forward and reverse primers (10 μM), 6 μL mastermix, and 0.52
μL RNAnase-free water. The reaction consisted of denaturation at 95 �C
for 5 min, annealing at 60 �C for 30 s, and ran for 40 cycles. The
expression of target genes was normalized to the expression of house-
keeping gene GAPDH. Relative gene expression was determined using
the 2�ΔΔCt method, and the second delta was calculated relative to gene
expression of cells on the Machined surface in the absence of blood.

2.7. Statistical analyses

Results are expressed as mean� standard deviation, unless otherwise
stated. Analysis of the statistical significance between groups was per-
formed by one-way ANOVA (for a single timepoint) or two-way ANOVA
(for two or more timepoints). Results were obtained from experiments
that were repeated at least 3 times, with different blood donors each
time. All statistical analyses were performed using GraphPad Prism 8
(GraphPad Software Inc., USA). To determine the average cell size, the
data from 250 to 1200 cells was used. Asterisks denote statistical sig-
nificance as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and p <

0.0001.

3. Results and discussion

3.1. Implant surface properties can steer blood-implant interactions

Blood is the first tissue an implant surface will interact with upon
implantation, and this interaction has been shown to significantly alter
the response of bone progenitor cells to implants [11,24]. Therefore,
taking blood-implant interactions into account could potentially improve
the physiological relevance of in vitro findings also in the context of soft
tissue integration [30]. Conversely, blood-implant interactions are highly
dependent on surface properties, including wettability and roughness.
Reverse Primer (50-30)

CCAATACGACCAAATCCGTTG
G GAGGACTCAGGGTGGTTCAGC

CGCAGCGCTTGTGATCTTCA
CTGAGTCGGTCACCCTTCTC
CAGTTCTAGAGAGAGGTACTCCTTG
CCACGGTCATCAGAGTAGGC
CAGGGAAGAAATCGATGACAGC



Table 2
Summary of Ti implant surface properties used in this study.

Machined SLA-Hphob SLActive-HphilNS

Contact angle (�) 93.6 � 3 126.7 � 2 0
Roughness, Ra (μm) 0.07 � 0.01 1.56 � 0.09 1.43 � 0.41
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The surface contact angle and roughness for each implant surface are
listed in Table 2. SLA-Hphob and SLActive-HphilNS had similar rougher
surfaces compared to Machined, while Machined and SLA-Hphob were
hydrophobic in comparison to hydrophilic SLActive-HphilNS. Taken
together, this group of implant surfaces provided a suitable wide range of
surface properties to further proceed with the study.

Surface topography has been shown to have an influence on protein
adsorption, with some studies suggesting that rougher surfaces promote
greater protein adsorption compared smoother ones [31]. Analysing the
topographies of implant surfaces (Fig. 1A), the Machined surface was
relatively smooth in comparison to the rougher SLA-Hphob and SLActi-
ve-HphilNS surfaces, and presented aligned, longitudinal, microscale
features. These surface features appeared shallow and homogenously
distributed throughout the surface. The SLA-Hphob surface presented a
rougher topography than the Machined surface, with a high density of
protruding microscale features, which were heterogeneously distributed.
The SLActive-HphilNS surface showed similar microscale features as the
SLA-Hphob surface, but at higher magnification (40kX), the presence of
nanoscale features could be observed on SLActive-HphilNS. These nano-
scale features, in combination with surface hydrophilicity, were expected
to stimulate greater adsorption of fibrinogen to the implant [32].
Fig. 1. The effect of Ti implant surface properties on blood-implant interactions. SE
HphilNS implant surfaces (with an inset showing the presence of nanostructures on t
cubation with human whole blood for 12, 20, 28 and 36 min. (C) Fibrin network acr
blood incubation for 28 min. (D) Interleukin-8 production and (E) Interleukin-6 pro
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Upon incubation in human whole blood, the rate of fibrin network
formation was found to be dependent on the surface properties of the Ti
implant (Fig. 1B and C). Using a time series, the dynamics of the blood
response could be revealed. Comparatively, the SLActive-HphilNS surface
led to the fastest generation of a dense and homogenously distributed
fibrin network, while on the Machined surface only a limited and het-
erogeneously distributed fibrin network could be seen even at the longest
incubation timepoint. The SLA-Hphob surface showed intermediate fibrin
network formation. While previous studies generally only compared the
response of blood at a single timepoint, the findings are in-line with these
reports, which have shown that rougher surfaces with the presence of
multiscale micro- and nano-roughness, such as SLActive-HphilNS, can
stimulate the formation of denser fibrin networks, compared to smoother
surfaces, such as Machined [11,33].

In addition to regulating protein adsorption and fibrin network for-
mation, implant surface properties can also influence the production of
immunomodulatory cytokines [34]. Assessing cytokine levels of
blood-incubated implant surfaces, vascular endothelial growth factor
(VEGF) and tumour necrosis factor alpha (TNFα) were not detected, but
interleukin-8 (IL-8) and interleukin-6 (IL-6) showed distinct differences
dependent on Ti implant surface properties. IL-8 and IL-6 are well
established markers of inflammation [35]. Comparable levels of IL-8
were produced by blood in response to Machined and SLActive-H-
philNS, which were higher than the levels produced in response to
SLA-Hphob. All surfaces supported a constant rate of IL-8 production
across 7 days (Fig. 1D). Although not statistically significant, the
Machined surface led to enhanced production of IL-6 compared to the
SLA-Hphob and SLActive-HphilNS surfaces (Fig. 1E). Additionally, IL-6 was
M images showing (A) the topography of Machined, SLA-Hphob, and SLActive-
he latter) and (B) fibrin network formation on the Ti implant surfaces after in-
oss a 0.67 mm2 area of the Ti implant surfaces stained for fibrinogen (red), after
duction in response to the Ti implant surfaces, after 1, 3 and 7 days.
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found to be produced at higher levels initially, with levels tapering off by
day 7.

These results suggest that the production of inflammatory cytokines,
IL-8 and IL-6, by blood is inversely related with the density of the fibrin
network. The Machined surface, which stimulates the formation of the
least dense fibrin network, triggered the highest production of IL-8 and
IL-6, which were likely produced by blood monocytes or other peripheral
blood mononuclear cells. These findings correlate with those of a recent
study, which using isolated peripheral blood mononuclear cells, showed
that the Machined surface stimulated a higher production of both IL-8
and IL-6 in comparison to the SLActive-HphilNS surface [36]. The cur-
rent study adds to this by also highlighting that the activity of IL-8 and
IL-6 production by blood in response to the Ti surfaces is
cytokine-specific, with IL-8 showing a persistent production, whereas
IL-6 shows a transient production, which could be due to IL-6's potent
self-restricting negative feedback loop mediated by STAT3 in leukocytes
[37,38]. Taken together, these findings highlight that
Fig. 2. The effect of blood-implant interactions on the attachment, proliferation, an
CLSM images showing the morphology of HGFs attached to the Ti implant surfaces
cytoskeleton (green) and nuclei (blue). (B) Average cell size of HGFs, in the presence a
activity after 1,3 and 7 days, (E) VEGF production, (F) IL-8 production, and (G) IL-6 p
Machined surface.
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surface-property-dependent blood-implant interactions lead to variable
degrees of fibrin network formation, which not only acts as a
protein-based support structure, but also as a cytokine reservoir, which
then can influence the response of surrounding tissue cells. Additionally,
blood-implant interactions could have the potential to influence the
susceptibility of an implant towards bacterial infection. Bacterial infec-
tion can be mitigated by promoting a strong gingival tissue seal around
an implant, but first implants are susceptible towards infection particu-
larly during implantation and soon thereafter. Some studies have inves-
tigated the ‘race-for-the-surface’ between gingival fibroblasts and
bacteria for adhesion on designer implant surfaces [18,39,40], high-
lighting how specific surface properties and topographical features can
promote fibroblast cell adhesion while inhibiting bacterial adhesion. This
study does not focus on bacteria-implant interactions, but it suggests that
the race-for-the-surface can be further steered to prevent bacterial
adhesion through blood-implant interactions, including the release of
antibacterial peptides or the upregulation of inflammatory cytokines,
d cytokine production of HGFs in response to Ti implant surfaces. (A) SEM and
, in the presence and absence of blood, after 24 h. Cells were stained for their
nd absence of blood, after 24 h. Fold change of (C) DNA mass and (D) metabolic
roduction after 3 and 7 days normalized to the amount produced by HGFs on the
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which can promote the influx of monocytes and other immune cells
associated with acute inflammation.
3.2. Blood-implant interactions modulate the response of human gingival
fibroblasts to Ti implant surfaces

A number of studies have previously assessed the response of human
gingival fibroblasts [18,19], keratinocytes [20], and macrophages [15,
23] to Ti implant surfaces, however none have done so with all 3 cell
types under identical conditions in parallel, while only few reports take
blood-implant interactions into account [25]. This is addressed herein.

In the absence of blood, the Machined surface promoted enhanced
HGF attachment with cells displaying an elongated cell morphology,
aligned to the underlying microscale topological features, whereas HGFs
on the rougher surfaces (SLA-Hphob and SLActive-HphilNS) showed a less
dense and stochastic attachment pattern with limited cell spreading. This
cell alignment can be explained by the anisotropic deposition of serum
proteins on the machined surface [41]. Cell attachment and spreading on
the rougher surfaces was enhanced when the implant surface was
pre-incubated with blood, whilst on the Machined surface, cell
Fig. 3. The attachment of HGFs to Ti implant surfaces in the presence and absence of
the Ti implant surfaces, in the absence of blood, after 24 h. Cells were stained for the
the contact points between HGFs and the surface of Ti implants, in the presence of
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attachment was similar in both the presence and absence of blood
(Fig. 2A). Blood also significantly enhanced the average cell size of HGFs
on both of the rough Ti implant surfaces, with a 1.3-fold and 2.6-fold
increase in size of HGFs on the SLA-Hphob and the SLActive-HphilNS
surface, respectively (Fig. 2B). The attachment of HGFs was also
enhanced by blood-implant interactions, particularly in the case of
rougher surfaces, which stimulated a significant increase in cell size.
Previous studies have suggested that there is no significant difference in
HGF attachment to rough and smooth Ti implant surfaces after 48 h of
culture [18], while others have shown limited attachment of mouse
fibroblast cells on rough surfaces [42,43]. In comparison, this study
shows significant differences in cell attachment to smooth and rough
implant surfaces after only 24 h with smooth implant surfaces supporting
enhanced focal adhesion formation (Fig. 3A), and greater cell-to-implant
surface contact (Fig. 3B), in comparison to rougher surfaces. Conversely,
HGFs on rough surfaces incubated with blood benefit from additional
binding sites provided by a dense fibrin network, facilitating greater cell
spreading on the surface (Fig. 3B). A similar cell-implant interaction was
previously observed for osteoblasts [11].

Blood-implant interactions also stimulated the proliferation of HGFs
blood. (A) CLSM images showing focal adhesions formed by HGF in response to
ir focal adhesions (magenta) and nuclei (blue). (B) TEM cross sections depicting
blood, after 24 h.



W.A. Lackington et al. Materials Today Bio 15 (2022) 100303
attached to the Ti implant surfaces (Fig. 2C), in similar ways to the
previously reported proliferation of dermal fibroblasts and osteoblasts
[11,25]. While all three implant surfaces showed increasing DNAmass of
HGFs from day 1–7, significant changes were only observed with the
Machined and SLA-Hphob surfaces, especially when pre-incubated with
blood (Fig. 2C). Similar trends could be observed when measuring the
metabolic activity of HGFs (Fig. 2D). The formation of a dense fibrin
network and adsorption of blood proteins, including fibrinogen, fibro-
nectin and vitronectin [44,45], can explain the enhanced attachment and
proliferation of HGFs to rougher surfaces in the presence of blood, as
blood provides an overwhelmingly superior number of attachment sites
compared to when the implant surface is cultured in the absence of
blood, where only serum can provide proteins for cell attachment.

Assessing cytokine levels of HGFs cultured on the different implant
surfaces, in the absence of blood, the Machined surface led to a limited
production of vascular endothelial growth factor (VEGF: 80 pg/mL),
Fig. 4. The effect of blood-implant interactions on the attachment, proliferation, and
images showing the morphology of HGKs, in the presence and absence of blood, afte
nuclei (blue). Fold change of (C) DNA mass after 1 and 7 days, (D) VEGF production,
amount produced by HGKs on the Machined surface.
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interleukin-8 (IL-8: 44 pg/mL), and interleukin-6 (IL-6: 5 pg/mL) after 3
days (Fig. 2E, F, and 2G). In comparison, rougher surfaces did not stim-
ulate an increase of these cytokines by more than 2-fold nor a decrease by
less than 0.5-fold. However, blood-implant interactions stimulated the
production of VEGF by HGFs to increase by a fold-change of 12.7, 9.7,
and 21.5, on the Machined, SLA-Hphob, and SLActive-HphilNS surfaces,
respectively, on day 7 (Fig. 2E). Similarly, the production of IL-8 was also
enhanced by a fold-change of 11.4, 3.1, and 15.9 (Fig. 2F), and the
production of IL-6 by a fold-change of 14.4, 26.6, and 49.6 (Fig. 2G) at
day 3. The levels of IL-8 and IL-6 were generally higher at day 3
compared to day 7, where the level of VEGF was highest. The production
of TNFα and IL-1β was not stimulated by any surface or condition. Pre-
vious studies have shown similar responses in terms of IL-6 production
[46] to smooth and rough Ti surfaces; as is the case in this study in the
absence of blood. However, this study highlights that in the presence of
blood-implant interactions, the response of HGFs to Ti implant surfaces is
cytokine production of HGKs in response to Ti implant surfaces. SEM and CLSM
r (A) 24 h, and (B) 7 days. Cells were stained for their cytoskeleton (green) and
(E) IL-8 production, and (F) IL-6 production after 3 and 7 days, normalized to the
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readily modulated, with rougher surfaces stimulating enhanced IL-6 (and
IL-8) production compared to smoother surfaces.

3.3. Blood-implant interactions modulate the response of human gingival
keratinocytes to Ti implant surfaces

This study highlights that while blood-implant interactions enhanced
the attachment of HGF to rougher surfaces, they have the inverse effect
on HGKs. When culturing HGKs on Ti implants, cell attachment was
preferential on the smooth Machined surface in comparison to the
rougher surfaces (SLAHphob, and SLActiveHphilNS) (Fig. 4A), with the cells
developing an elongated cobble-like morphology, aligned to the micro-
scale surface features. On the rougher surfaces, HGKs showed a stochastic
spreading pattern, limited attachment, and appeared smaller in size. This
is in-line with previous work showing that nano-structured Ti surfaces
poorly support the adherence of HGKs after 24 h of culture [47]. Previ-
ously, it has been suggested that keratinocyte adhesion to titanium
Fig. 5. The effect of blood-implant interactions on the attachment, proliferation, and
(A) SEM and CLSM images showing the morphology of macrophage-like cells, in the
and nuclei (blue). (B) Average cell size of cells attached to Ti implant surfaces, in the p
production, (E) IL-8 production, (F) IL-6 production, and (G) VEGF production after
TNFα, IL-8, IL-6, and VEGF produced by M0 (non-activated), M1-like and M2-like p
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surfaces relies on close cell-to-cell contact, extracellular matrix contacts,
and by means of hemidesmosomes, all factors that would be impeded on
rougher surfaces [48,49]. Blood pre-incubation negatively affected HGK
attachment to all surfaces. Despite successfully attaching to all surfaces
by 24 h (Fig. 4A), fewer nuclei were found on rougher surfaces by day 7,
and the formation of an epithelial monolayer was only evident on the
Machined surfaces (Fig. 4B). Similarly, only the Machined surface was
found to be capable of supporting HGK proliferation, with a significant
increase in the DNA mass of HGKs observed between day 1 and 7
(Fig. 4C). The SLAHphob surface showed a constant DNA mass, while on
the SLActiveHphilNS surface a decrease in DNA mass between day 1 and 7
could be observed (Fig. 4C). These findings can be explained by a pre-
vious study showing that fibrinogen and fibrin are anti-adhesive for
keratinocytes, and that during cutaneous wound repair, keratinocytes
avoid the fibrin-rich clot as they do not express functional fibrino-
gen/fibrin receptors, specifically the αvβ3 integrin, and instead migrate
over fibronectin-rich granulation tissue [50].
cytokine production of macrophage-like cells in response to Ti implant surfaces.
presence and absence of blood. Cells were stained for their cytoskeleton (green)
resence and absence of blood, after 24 h. Fold change of (C) DNA mass, (D) TNFα
1 and 3 days, normalized to cells on the Machined surface. The average level of
olarized cells on TCP are shown in each graph (dashed lines).
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In the absence of blood, HGKs on the Machined surface showed a
limited production of VEGF (20 pg/mL), IL-8 (83 pg/mL), and IL-6 (61
pg/mL), after 3 days (Fig. 4D-F). After 7 days, the levels of IL-8, IL-6, and
VEGF, were significantly increased by 16.9-fold, 20.2-fold, and 9.3-fold
(Fig. 4D–F), respectively, and were also significantly higher than the
levels on the rougher surfaces. On Machined surfaces, the presence of
blood did not affect the concentration of IL-8 and IL-6, but resulted in a
significant decrease in the production of VEGF. On rougher surfaces,
despite few HGKs remaining attached on the surface, the presence of
blood enhanced the production of IL-8 by 4.5-fold on the SLAHphob and
5.7-fold on the SLActiveHphilNS, after 7 days. The stimulation of these
factors indicate a pro-inflammatory response to the surface [51]. Taken
together, HGKs represent a particularly sensitive cell type to Ti implant
surface properties, and blood-implant interactions, whereby smoother
surfaces with limited fibrin network present more favourable conditions
for their attachment.

3.4. Blood-implant interactions modulate the response of human
macrophage-like cells to Ti implant surfaces

Optimizing implant surface properties to steer the immune response
to an implant has been an area of increasing research focus [52]. The
innate immune response to an implant involves different cells, including
neutrophils, dendritic cells, NK cells, and macrophages. Of these, mac-
rophages have been shown to be key modulators of wound healing with
their capacity to polarize towards pro- and anti-inflammatory pheno-
types [36,53].
Fig. 6. The effect of blood-implant interactions on the gene expression of macropha
TNFα, (C) CD206, (D) CCL22, (E) PPAR-γ, and (F) IL-10 gene expression after 24 h,
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In the absence of blood, the attachment of macrophage-like cells was
similar across all three surfaces with a round-shaped morphology and a
limited number of lamellipodial and filopodial extensions (Fig. 5A). In
the presence of blood, the macrophage-like cells had a similar
morphology, but they were significantly larger in comparison to cells on
Ti implant surfaces in the absence of blood (Fig. 5B). As expected after
PMA-induced differentiation of THP-1 cells [54], the macrophage-like
cells did not proliferate on any surface as indicated by their stagnant
DNA levels between day 1 and 3 (Fig. 5C).

In the absence of blood, macrophage-like cells on the Machined sur-
face showed a substantial production of TNFα (93 pg/mL), IL-8 (9770 pg/
mL), IL-6 (12 pg/mL), and VEGF (306 pg/mL), after 24 h (Fig. 5D, E, 5F,
and 5G). In comparison, rougher surfaces did not stimulate an increase
nor decrease of these cytokines by more than 2-fold or less than 0.5-fold.
While the presence of blood did not stimulate a significant change in the
production of VEGF by macrophage-like cells on the Machined surface
(Fig. 5G), the production of TNFα, IL-8, and IL-6 was significantly
enhanced by 3.2-fold (Figs. 5D), 2.5-fold (Figs. 5E), and 36.9-fold
(Fig. 5F), respectively. A previous study has shown varying levels of
pro-inflammatory cytokines produced by rodent bone marrow-derived
macrophages in response to SLA-Hphob, and SLActive-HphilNS [55],
while in this study such differences could not be reproduced in terms of
IL-6, TNFα and IL-8 production. This discrepancy can be explained by the
fact that in the previous report, investigators used M1-like and M2-like
pre-polarized macrophages [55], whereas in this study M0
macrophage-like cells were seeded on the different surfaces. Nonetheless,
the levels of TNFα and IL-6 produced by macrophage-like cells on the
ge-like cells in response to Ti implant surfaces. Fold change of (A) CXCL10, (B)
normalized to macrophage-like cells on the Machined surface.
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Machined surface pre-incubated with blood were significantly higher
than the levels produced on the rougher surfaces in the same condition.
This indicates that macrophage-like cell adhesion to a denser fibrin
network reduces the production of pro-inflammatory cytokines, an
observation that was also recently reported [56]. After 3 days, the pro-
duction activity of all cytokines assessed had significantly decreased, in
comparison to the level observed after 24 h, on all surfaces in all con-
ditions. In particular, TNFα was no longer detectable by day 3, further
suggesting a decrease of macrophage-like cell activity.

When assessing the expression of pro- and anti-inflammatory genes in
macrophage-like cells cultured on the different implant surfaces in the
absence of blood, pro-inflammatory gene CXCL10 (Fig. 6A), and anti-
inflammatory genes, CD206 (Fig. 6C), CCL22 (Fig. 6D), PPAR-γ
(Fig. 6E), and IL-10 (Fig. 6F), were found to be upregulated on rougher
surfaces, SLAHphob, and SLActiveHphilNS, compared to the smoother
Machined surface, but by less than a factor of 5 in each case. The
expression of pro-inflammatory TNF-α was not regulated by any surface
or condition. Previously, it has been shown that a narrow range of
roughness (Ra¼ 0.51–1.36 μm), which is comparable to that of the rough
surfaces in this study, can polarize macrophages towards an anti-
inflammatory M2-like state [23]. However, this study could not sup-
port this claim in the absence of blood.

In the presence of blood, the expression of the pro-inflammatory gene
CXCL10 was upregulated 14.7-fold on the Machined surface, while on
rougher surfaces the presence of blood had a limited impact (Fig. 6A).
Additionally, blood also led to the upregulated the expression of anti-
inflammatory genes CD206 (Fig. 6C), CCL22 (Fig. 6D), PPAR-γ
(Fig. 6E), and IL-10 (Fig. 6F), which was especially evident on the hy-
drophilic SLActiveHphilNS surface. Hydrophilic surfaces were previously
shown to stimulate anti-inflammatory macrophage activation, more so
on surfaces with microscale features compared to hydrophilic smooth
surfaces [15]. However, the mentioned report did not take into account
the blood response, and the fold changes in gene expression observed
were generally much less than in this study. Taken together, this suggests
that rough and hydrophilic surfaces stimulate macrophage-like cell po-
larization towards an M2-like phenotype, only in the presence of
blood-implant interactions, while smoother surfaces, stimulate polari-
zation towards an M1-like phenotype. The findings of this study come
with the caveat of being derived from only a limited number of blood
donors, yet they still indicate how implant surface properties could
potentially steer inflammatory responses towards them.

This study was performed using 2-dimensional surfaces evaluating
the response of single cell types, marking a contrast to the 3-dimensional
interface that gingival tissue, and its multiple cell types, will formwith an
implant in vivo. In order to more closely understand the gingival healing
process during implant integration, other studies have investigated how
varying implant surface properties can influence tissue level response
using 3D gingiva models [17]. However, such 3D models had limited
sensitivity to changes in implant surface properties, suggesting that
perhaps the influence of cell-to-cell interactions can be assessed using
extensions of the models from this study in a co-culture, or even trans--
culture format. Additional consideration should also be given to the
apparent polar differences between soft and hard tissue's preferred
implant surface properties, the variety of blood-implant interactions that
can be expected on multi-level implants, and the cross-talk between cells
adhering to different parts of such implants. Modern manufacturing
techniques such as laser-texturing could enable the production of surface
property gradients to facilitate optimal implant integration with both soft
tissue and the underlying bone.

4. Conclusion

This study demonstrates that while implant surface properties can
steer the biological response of soft tissue cells, including gingival fi-
broblasts, keratinocytes and macrophage-like cells, this response can be
significantly modulated by blood-implant interactions, generating a
10
more physiologically relevant in vitro platform for the evaluation of an
implant's soft tissue integration potential. This study highlights the
importance blood-implant interactions, which are heavily dependent on
an implant's surface properties, and proposes that they should be taken
into account in future implant developments.
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