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Abstract

Background: A strong seal of soft-tissue around dental implants is essential to block
pathogens from entering the peri-implant interface and prevent infections. Therefore,
the integration of soft-tissue poses a challenge in implant-prosthetic procedures,
prompting a focus on the interface between peri-implant soft-tissues and the trans-
mucosal component. The aim of this study was to analyse the effects of sandblasted
roughness levels on in vitro soft-tissue healing around dental implant abutments. In
parallel, proteomic techniques were applied to study the interaction of these sur-
faces with human serum proteins to evaluate their potential to promote soft-tissue
regeneration.

Results: Grade-5 machined titanium discs (MC) underwent sandblasting with alu-
mina particles of two sizes (4 and 8 um), resulting in two different surface types: MC04
and MC08. Surface morphology and roughness were characterised employing scan-
ning electron microscopy and optical profilometry. Cell adhesion and collagen synthe-
sis, as well as immune responses, were assessed using human gingival fibroblasts (WGF)
and macrophages (THP-1), respectively. The profiles of protein adsorption to the sur-
faces were characterised using proteomics; samples were incubated with human
serum, and the adsorbed proteins analysed employing nLC-MS/MS. hGFs exposed

to MC04 showed decreased cell area compared to MC, while no differences were
found for MC08. hGF collagen synthesis increased after 7 days for MC0O8. THP-1 mac-
rophages cultured on MC04 and MCO08 showed a reduced TNF-a and increased IL-4
secretion. Thus, the sandblasted topography led a reduction in the immune/inflam-
matory response. One hundred seventy-six distinct proteins adsorbed on the sur-
faces were identified. Differentially adsorbed proteins were associated with immune
response, blood coagulation, angiogenesis, fibrinolysis and tissue regeneration.

Conclusions: Increased roughness through MCO8 treatment resulted in increased
collagen synthesis in hGF and resulted in a reduction in the surface immune response
in human macrophages. These results correlate with the changes in protein adsorption
on the surfaces observed through proteomics.
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Background

Peri-implantitis is an infectious process observed after implant osseointegration,
affecting the hard and soft tissues surrounding the implant [1]. Peri-implantitis devel-
ops in 16—28% of patients in the short or long term and may lead to implant loss [2].
Therefore, many researchers have been involved in projects seeking enhancements in
implant surface modifications to improve its antimicrobial properties [3]. A consider-
able effort has been directed towards achieving a robust soft-tissue seal around the
implant to prevent the entry of pathogens into the peri-implant interface.

Typically, the oral mucosa barrier protects periodontal tissue against bacteria and
other harmful stimuli. Nevertheless, implant placement breaches this barrier, disrupt-
ing its continuity [4]. Conventional smooth titanium (Ti) abutments exhibit signif-
icantly poorer soft-tissue integration than natural teeth, which jeopardises implant
success [5]. Establishing a soft-tissue barrier that shields the underlying peri-implant
structures and the implant itself has a pivotal role in preventing bacterial colonisa-
tion. It is clear that the conventional abutments should be improved by surface modi-
fication to enhance the biomaterial-gingiva fibroblast interactions and promote
regenerative functions [6].

The roughness and topography of the abutment are critical factors in implant sealing.
Mustafa et al. [7] have discovered that differences in the surface roughness of ceramic
abutments affect fibroblast spreading and growth. They have reported that polished
surfaces with an arithmetic mean height parameter (Sa) of 0.06 pm exhibit signifi-
cantly stronger cell attachment than the initially rougher surface (Sa=0.22 pm), albeit
with reduced proliferation capacity. Other studies have revealed that micro-grooved
Ti surfaces are associated with enhanced fibroblast adhesion and activation compared
to polished surfaces [8]. Milled Ti6Al4V (grade 4) surfaces increase gingival fibroblast
(hGF) proliferation within the range of 0.3-0.5 pm Sa [9]. Moreover, Cao et al. [10] have
found that both the adhesive strength and proliferation capability of hGFs were lower
on rougher Ti surfaces (Sa=2.979 um). To date, there is no firmly established range of
roughness for improving gingival sealing nor a consensus on the effect of this parameter.
Therefore, further investigation is required.

The process of tissue regeneration around a biomaterial relies on multiple pathways
(e.g., complement system, coagulation, fibrinolysis) that affect the level of soft-tissue
sealing [11]. When the abutment contacts the bodily fluids, a protein layer forms on its
surface; the process is affected by various surface parameters such as roughness [12].
This layer can trigger biological processes that dictate subsequent regenerative responses
[13]. Consequently, proteomic techniques have been proven highly valuable for evaluat-
ing protein adsorption on biomaterials and studying their interactions with biological
tissues [14, 15].

The objective of the present study was to examine the effect of changing roughness on
the response of hGFs and THP-1 cells. The Ti surfaces were submitted to different sand-
blasting treatments, and in vitro assays were conducted. The protein layer was character-
ised using mass spectrometry techniques.
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Results
Morphological characterisation
The morphology of machined Ti samples (control) and the sandblasted surfaces was
analysed by SEM (Fig. 1). In the MC samples (Fig. 1a), marks resulting from the disc
machining process can be observed. This initial surface morphology changes completely
after sandblasting treatments (Fig. 1b, c). The sandblasted samples exhibit a significant
increase in surface irregularities; the treatment leads to the formation of numerous small
ridges and valleys. Moreover, these irregularities are more pronounced on the micro-
metric scale in the MCO08 samples due to the larger particle size used in the sandblasting.
Consistent with SEM micrographs, the 3D and 2D profiles measured using optical pro-
filometry showed the changes in the surface morphology of the discs due to sandblast-
ing. Indeed, optical profilometer measurements revealed Ra values of approximately
0.17, 0.50 and 0.95 um for MC, MC04 and MCO08, respectively (Fig. 2). This increase
in surface roughness could also be evidenced through the increase in the values of Rt
and Rq (MC<MC04<MCO08). Thus, the sandblasting process resulted in a significant
increase in roughness compared to MC, and MCO08 exhibited higher roughness than
MCO04.

In vitro assays

Cell adhesion and collagen secretion

Figure 3a—f shows the cytoskeleton organisation of hGFs cultured on the materials for 1
and 3 days. The cells exhibited good adherence to all the surfaces tested. However, there
were differences in growth patterns on MC04 and MCO08 compared to MC. While on
the MC, fibroblasts tended to adhere and grow in the direction of the circular grooves
resulting from the machining process, this effect was not as pronounced on the sand-
blasted surfaces. After 1 day, the cell area (Fig. 3g) decreased for the MC04 surface
compared to MC, while culturing with MCO08 did not significantly affect this parameter
(compared to MC). The ability of the studied surfaces to promote fibroblast collagen
secretion is shown in Fig. 3h. No differences in collagen secretion were observed after 1

Fig. 1 SEMimages of MC (a,a’), MC04 (b, b”), and MCO8 (c, ¢’) surfaces. Scale bars, 10 pm (a-c) and 1 pm
@’-c")
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Fig. 2 Optical profilometry results for MC (a,a”), MC04 (b-b”), and MCO8 (c, ¢”) surfaces. 3D (a—c) and 2D
(@’-c’) profiles. Arithmetic average of roughness (Ra; d), root mean square roughness (Rq; e), and total height
of the profile (Rt; f) measurements. Data are presented as mean = SD. Statistical analysis was performed using
one-way ANOVA with Tukey post hoc test (***p <0.001)
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Fig. 3 Confocal fluorescence microscopy images of the cytoskeleton arrangement of human gingival
fibroblasts (hGF) grown on MC (a, @’ and d, d’), MC04 (b, b’ and e, e’) and MCO08 (c, ¢’ and f, f) surfaces after 1
and 3 days of culture. Actin filaments were stained with phalloidin (green) and nuclei with DAPI (blue). Scale
bar: 100 um. hGF cell area for the different surfaces after 1 day of culture (g). Collagen secretion by hGF on
MC, MC04 and MCO8 after 1, 3 and 7 days of culture (h). Data are presented as mean = SD. Statistical analysis
was performed using one-way ANOVA with the Tukey post hoc test (*p <0.05; **p <0.01)
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and 3 days of culture. However, after 7 days, the cultures with MCO08 increased their col-

lagen secretion in comparison with cells incubated with MC.

Immune response

To assess the impact of surface roughness on the inflammatory response, the secre-
tion of TNF-a, IL-4 and TGF-p cytokines by THP-1 macrophages was measured using
ELISA (Fig. 4). After 1 day, a significant decrease in TNF-a secretion by cells cultured on
MC04 and MCO08 was observed compared to those exposed to MC (Fig. 4a). Moreover,
an increase in IL-4 secretion was detected for MC04 and MCO08, compared to MC, after
1 and 3 days of culture (Fig. 4b). No differences in TGF-f secretion were found at either
of the time points, for any of the materials (Fig. 4c).

Proteomic analysis

The nLC-MS/MS analysis identified 176 distinct proteins adhered to the surfaces
under study. To compare the effects of the sandblasting treatments (MC04 and
MCO08) with MC, Perseus comparative analyses were conducted (Additional file 1).
The results revealed that 24 proteins were differentially more adsorbed onto MC04
compared with MC, while 9 proteins were less adsorbed. MCO08 exhibited stronger
affinity to 12 proteins than MC and reduced affinity to 8 proteins. Based on the Uni-
Prot database, the proteins differentially adsorbed on the evaluated surfaces were
categorised according to their functions in immune response, coagulation, angio-
genesis and fibrinolysis, and tissue regeneration (Table 1). In general, the adsorp-
tion of immunoglobulins and proteins related to the complement system activation
(e.g., CO6, CO8A, COY) increased on the sandblasted surfaces. Moreover, APOLL,
related to the innate immune response, showed a higher affinity for these surfaces,
and larger amounts of VINC, a potent inhibitor of the complement system, adsorbed
on MCO04. In contrast, proteins such as SAMP, DCD, G3P, C1QA, PROP and FHR5,
all related to the immune response, showed decreased adsorption on the sandblasted
surfaces. Proteins with functions in blood clotting and fibrinolysis, KNG1, KLKBI,
PLMN and ANT3, were differentially more adsorbed onto MC04 and MCO08. F11
and ZPI proteins were more abundant on MCO04. FA5 and HABP2 showed decreased
affinity for MC04 and MCO8, respectively. Among the proteins associated with tissue
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Fig. 4 THP-1 cytokine release after 1 and 3 days of culture: a tumour necrosis a (TNF-a), b interleukin 4 (IL-4),
and c transforming growth factor beta (TGF-B). Results are shown as mean = SD. The asterisks (p <0.01 (**)
and p <0.001 (***)) indicate statistically significant differences with respect to MC
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Table 1 Functional analysis of proteins differentially adsorbed onto MC04 and MC08 compared to
MC. The proteins were categorised into three functional groups: immune response, coagulation and

fibrinolysis, and tissue regeneration

McCo4/MC MCo08/MC
Immune response up HV169, CO6, CO9, CO8A, HV372, HV313, CO6, CO9, CO8A, HV372,
VTNGC, KV401, HV551, HV459, CO5, APOL1
CRP, APOL1
DOWN  C1QA, SAMP, G3P, DCD SAMP, FHRS, G3P, PROP, DCD
Coagulation and fibrinolysis ~ UP KNGT1, KLKBT, FAT1, PLMN, ANT3, ZPI  KNGT, KLKBT, PLMN, ANT3
DOWN  FAS HABP2
Tissue regeneration UP IBP4, IGF2 -
DOWN  DSC1, RET4 DSC1, DSG1
uUpP DOWN
Immune
system Cellular Localization  Response to
process process Biological 99 h
Growth 7% 15% iologica o stimulus
5% regulation 17%
0,
Metabolic Localization 13%
process 5% . .
< . A 15% Slg;l;lll‘lg
o Blolog.lcal Biological ) °
O adhesion / regulation Metabolic
= 2% 16% process
Locomotion 2% I
2% Response to mmune
Multicellular stimulus system
organi 1 Devel 15% Cellular process
;rocess al process pll'g?;ss 17%
11% 7% ¢
Immune
system
Growth Cellular .. Response to
5%, pl‘s‘):/fss process Loca;lll:/atlon stimulus
16% 2 11%
Signaling
. . 11%
8 Metabolic Localization Blol(l)gl'cal
O process 8% regu 03"0"
= 19% 17% Immune
system
Multicellular Biological Metabolic process
organismal regulation process 11%
process 11% 19% 22%
1lul.
Response to C:():e:sr
Developmental process stimulus P!

6%

1%

17%

Fig. 5 Pie charts depicting the PANTHER classification of biological functions associated with the UP and
DOWN differential proteins for MC04 and MC08

regeneration, IBP4 and IGF2 displayed increased adsorption on MC04, but DSC1 and
RET4 showed reduced affinity to this surface. Moreover, smaller amounts of DSC1
and DSG1 adsorbed onto MCO08 than to MC.

Furthermore, a functional analysis was conducted using PANTHER and STRING.
In PANTHER analysis (Fig. 5), the overall classification obtained for proteins showing

increased affinity on MC04 was similar to that for the proteins most adsorbed on MC08.

The enhanced functions were linked to biological regulation, growth, development, met-

abolic, cellular or immune system processes. In contrast, proteins with reduced adsorp-

tion on the MC04 and MCO08 materials generated profile charts with biological functions
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primarily associated with the metabolic process, response to stimuli or the immune
system.

The interaction networks formed by the proteins differentially adsorbed on MC04 and
MCO8 are presented in Fig. 6. For proteins with increased affinity for MC04, a protein
network enriched in blood coagulation, fibrinolysis, and immune functions was identi-
fied (Fig. 6a).

Proteins differentially adsorbed on MCO08 (compared to MC) were associated with
four networks. Those with greater affinity for MCO08 formed one network with proteins
linked to blood coagulation, fibrinolysis, and the immune response, and another net-
work with two apolipoproteins related to immune functions (Fig. 6b). Proteins with
reduced affinity to MCO08 formed two interaction networks with an enrichment in the
immune response (Fig. 6b’).

Discussion

The regeneration of peri-implant soft tissue is governed by a complex interplay of
growth factors, cytokines and matrices, orchestrating a series of interconnected phases:
inflammation, new tissue generation and matrix remodelling [4]. The topography of the
abutment can affect these processes and, consequently, the extent of gingival sealing
achieved around the implant. However, while much research has focused on the effect
of dental implant topography on osseointegration [18, 19], there is no consensus on its
impact on the prosthesis in contact with soft tissue. This study explored the relationship
between the surface roughness of grade 5-Ti abutments and their in vitro behaviour in
terms of cell adhesion, collagen secretion and immune response. Moreover, the observed
biological responses were correlated with the adsorption of human serum proteins.

The two sandblasting treatments (MC04 and MCO08) resulted in a significant increase
in roughness, from 0.17 pm Ra on MC to 0.50 and 0.95 um on MC04 and MCO8, respec-
tively. These morphological changes led to alterations in the protein adsorption patterns
on the evaluated surfaces. The proteomic analysis revealed that 33 proteins adsorbed
differentially onto MCO04 and 20 onto MCO08. Changes in protein adsorption to the abut-
ment surfaces can be affected by sandblasting; the biomaterial surface roughness has
been identified as a key factor in this phenomenon [20]. These differentially adsorbed
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Fig. 6 STRING interaction networks between the differentially adsorbed proteins with stronger affinity to
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strength. The colours represent enriched functions associated with the protein network.
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proteins have functions related to coagulation, fibrinolysis, immunity and tissue regen-
eration, which may impact the subsequent biological responses [21].

The study of the response of human gingival fibroblasts (hGFs) to the examined sur-
faces showed a reduction in cell area in cultures with MC04 compared to MC and MCO08.
Interestingly, a study by Akiyama et al. [22] evaluated the effect of grade 4 machined Ti
with different levels of roughness (0.98 and 0.02 um, Ra) on hGFs. They found no dif-
ferences in proliferation, adhesion, and collagen synthesis of these cells due to the Ra
variation. In another work, polishing treatments of grade 2 Ti resulted in distinct Ra val-
ues ranging from 0.075 to 1.024 um. In this case, the authors did not observe significant
differences in hGF attachment [23]. Otherwise, in another study, the hGFs cultured on
rough sandblasted acid-etched Ti (SLA) were compared to those cultured on smooth
machined Ti [24]. Noticeably different fibroblast morphologies were observed on the
two surfaces. The cells on machined samples had an elongated morphology and were
attached along the grooves, whereas they were randomly distributed on the SLA. More-
over, the hGFs showed increased expression of focal adhesion kinase (FAK), a-smooth
muscle actin (a-SMA) and integrin subunits ITG-B4, ITG-a5 and ITG-a6 on the rough
surfaces. The results of that study are consistent with the distinct fibroblast adhesion
patterns observed for MC04 and MCO08 compared to MC. Wieland et al. [25] studied
different topographies obtained by surface modifications typically applied to Ti prosthe-
ses and found that surface features affected hGF thickness and morphology, but not to
its volume. These results suggest that cells adapt their shape to attach to rough surfaces
depending on the material morphology. The capability of cells to adjust their shape while
binding to different surfaces could explain the reduction in cell area observed for MC04-.
However, this smaller cell area is no longer detected with increasing Ra for M08. Addi-
tionally, cells cultured on MCO08 increased collagen secretion in comparison with MC.
It appears that the fibroblast response to these surfaces depends not only on roughness,
but also on the morphology resulting from the surface treatment. On the other hand,
the possible influence of roughness on the formation of bacterial biofilm causes some
authors to establish that machined or polished surfaces should be preferred over rougher
surfaces for dental abutments [26]. However, the increased roughness due to sandblast-
ing does not necessarily promote bacterial proliferation [27]. In fact, Petrini et al. [28]
evaluated the capability of Streptococcus oralis to adhere to a double-etched titanium
(DAE), in respect to machined and single-etched titanium. Despite the increased rough-
ness of DAE surface, this treatment displayed the best performance in terms of inhibit-
ing bacterial adhesion. It seems that the key in this sense is in the scale at which the
roughness is measured (micro- and nano-roughness). While bacteria demonstrated
insensitivity to micrometric irregularities [27], their adhesion could be conditioned by
surface nano-roughness [29].

The current study showed that sandblasting affected the immune response. Compared
to MC cultures, the THP-1 cells decreased TNF-a and increased IL-4 secretion when
grown on MC04 and MCO08. Macrophages play a pivotal role in tissue regeneration and
inflammation; their M1 phenotype produces proinflammatory cytokines like TNF-a
[30]. In contrast, IL-4 is considered a marker for macrophage polarisation towards the
pro-healing M2 phenotype [31]. Our results suggest that sandblasted dental abutments
may have an immunomodulatory effect by promoting macrophage polarisation towards
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the M2 phenotype. This phenomenon can be correlated with the changes in the adsorp-
tion, on MC04 and MCO08, of proteins associated with immune responses. RAW 264.7
macrophages seeded on rough SLA surface displayed higher IL-6 and TNF-a gene
expression in comparison to pickled Ti. This increased proinflammatory reaction on
SLA was related to a negative impact on gingival fibroblast behaviour on titanium sur-
faces [32]. Similarly, RAW264.7 macrophages cultured on nanostructured zirconia sur-
faces showed increased TNF-a production for the surface with higher nano-roughness,
whereas the smoother treatment provoked a higher IL-10 secretion [33]. However, while
smooth, micro-rough, and nano-rough Ti surfaces did not affect THP-1 macrophage
polarisation, the micro- and nano-rough surfaces demonstrated improved attachment
of human gingival fibroblasts compared to the smooth samples [34]. Consistent with
our results, Lackington et al. [35] found that rough surfaces stimulated the THP-1 mac-
rophage activation towards an anti-inflammatory (M2-like) phenotype; with decreased
secretion of TNF-a, IL-6 and IL-8 in the rough surfaces compared to Ti machined
treatment.

Proteins associated with the activation of the complement cascade (CRP, CO5, CO®6,
CO9, CO8A) and immunoglobulins (HV169, HV372, KV401, HV551, HV459, HV313)
showed increased affinity to the rough surfaces. The complement system plays an inte-
gral role in innate immunity by triggering local inflammation and clearance mechanisms
[36]. However, the VTNC protein, which plays a key role in regulating the complement
system activation [37], also increased its adsorption. Moreover, C1QA, a complement
system protein, and the pentraxin SAMDP, related to immune response activation [38],
showed decreased affinity to sandblasted surfaces. It is also noteworthy that there was a
significant decrease in the adsorption of DCD and G3P proteins on the rough surfaces
compared with MC. G3P, also known as GAPDH, is essential for cytokine production
in macrophages and can regulate TNF-a production through RNA binding [39]. DCD
actively participates in the constitutive innate immune defence of human skin against
infection [40]. Its isoform-2 induces the expression of TNF-a and IL-6 inflammatory
cytokines via nitric oxide synthesis in human neutrophils [41]. The PROP protein, also
less adsorbed to MCO08 than to MC, is an upregulator of the complement activation
pathway. This protein can enhance the macrophage proinflammatory response, resulting
in higher production of TNF-a, IL-1B and IL-1a proinflammatory cytokines while sup-
pressing the anti-inflammatory cytokines IL-10 and TGEF-{ [42]. The effect of sandblast-
ing on the adsorption of proteins associated with immune functions is also evident in the
classifications obtained using PANTHER. Approximately 5-7% of the proteins identified
as upregulated on MC04 and MCO08 were associated with the immune system process,
and 17% of the downregulated proteins were related to this biological function. Thus,
the surface modifications applied here resulted in a complex balance between increased
adsorption of proinflammatory proteins and a substantial reduction of other proteins
with similar functions, ultimately creating an anti-inflammatory environment in vitro.

Insulin growth factors, such as IGF1 and IGF2, can be associated with fibroblast
proliferation [43]. In the current study, IGF2 and IBP4 were more abundant on MC04
than on MC. IBP4 is known to inhibit IGF-1 activity [44], which can activate TNF-«
production in monocytes [45]. Du et al. [46] have found that IGF2 modulates the

innate immune memory of macrophages during their maturation. This maintains
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persistent oxidative phosphorylation, which determines their anti-inflammatory phe-
notype. RET4, a downregulated protein in MCO04, can inhibit insulin signalling by
inducing proinflammatory cytokines in macrophages [47]. The adsorption patterns
of IGF2, IBP4 and RET4 correlated with the anti-inflammatory potential displayed
in vitro.

Furthermore, proteomic results revealed differential adsorption to sandblasted sur-
faces of proteins related to coagulation and fibrinolysis. Proper blood clotting is essential
to form the fibrin matrix that supports tissue regeneration [4]. Williams et al. [48] have
found that rough surfaces stimulate the formation of denser fibrin networks than smooth
ones, favouring the integration of soft tissue. The KNG1 and KLKB1proteins, preferen-
tially more adsorbed on MC04 and MCO08 materials, activate the kallikrein—kinin system,
a pathway capable of initiating blood coagulation [49]. Similarly, the coagulation factor
FA11, with increased affinity for MCO04, can activate the blood coagulation cascade to
facilitate the formation of cross-linked fibrin clots [49]. However, FA5, another factor in
this cascade [50], was less abundant on that surface. Increased adsorption of ANT3 and
ZPI serpin inhibitors to sandblasted surfaces was also detected; these proteins are asso-
ciated with anticoagulant functions [49]. Following the formation of a blood clot, the
fibrinolysis process is crucial for wound healing. PLMN, found to be more adsorbed on
MC04 and MCO08 than on MC, plays a pivotal role in this biological process, enabling the
degradation and remodelling of the fibrin matrix [51]. Plasminogen deficiency disorder
has been associated with aggressive periodontitis and gingival enlargement [52].

The protein adsorption profiles and the cellular responses to sandblasted Ti samples
indicate the potential of these surfaces, especially MCO08, in the modification of dental
abutments. This surface could be optimal at a morphological level to reach a correct
soft tissue regeneration. However, in the future, the study of the effect of this surface
on the bacterial biofilm formation and its regeneration capacity in vivo will confirm

the ability of the MCO08 to achieve effective soft-tissue sealing around abutments.

Conclusion

The degree of surface roughness affects cellular responses; this effect also depends on
the morphological changes in the treated surfaces. The sandblasted samples, MCO04
and MCO8, exhibited significant surface irregularities, characterised by numerous small
ridges and valleys, compared to the smoother MC surface. This resulted in increased
roughness, with Ra values of 0.50 um for MC04 and 0.95 pm for MCO08. The cytoskel-
eton organisation of human gingival fibroblasts (hGFs) on MCO04 was reduced compared
to MC, likely due to the combined effect of surface roughness and changed morphol-
ogy. In contrast, culturing with MCO08 (with an Ra of 0.95 pm) resulted in cells with
enlarged areas (in comparison with MCO04) and higher collagen secretion levels than the
cells exposed to machined Ti or MC04. Moreover, surface modification by sandblasting
had an impact on the immune response of the macrophages. Culturing with MC04 or
MCO08 led to an increase in IL-4 release and a decrease in TNF-a concentration, suggest-
ing an anti-inflammatory response. Proteomic analysis revealed that the proteins with
higher affinity for MC04 and MCO08 were mainly associated with coagulation, fibrinoly-
sis, immunity and tissue regeneration, which might explain the observed in vitro results.
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Methods

Titanium surface preparation

Grade-5 titanium discs (6-mm diameter; Nueva Galimplant S.L., Lugo, Spain) were
machined and treated by sandblasting to achieve different levels of roughness. The sam-
ples were abraded with aluminium oxide particles of different sizes, 4 um and 8 pm,
resulting in MC04 and MCO08 surfaces, respectively. The discs were loaded into the
sample holder, which was based on a rotating carousel with six sample holder satellites.
Inside the sandblasting cabin, there were three blasting stations: two stations with a
single nozzle each, and a central station with two fixed nozzles. All nozzles were posi-
tioned 8 cm from the sample, each oriented to cover different sample sections to ensure
uniform vertical blasting. At each sandblasting station, the sample was blasted for 3.6 s,
with pressure gradually decreasing from 7.4 bar to 4 bar. During this process, the sample
holder rotated to ensure uniform blasting around the entire perimeter of the sample.
Discs were then cleaned with acetone, ethanol, and Milli-Q water (20 min for each wash)
in an ultrasonic bath. Non-sandblasted machined samples (MC) were used as references.

The discs were sterilised using UV radiation before use.

Surface morphological characterisation

A Leica-Zeiss LEO scanning electron microscope (SEM; Leica, Wetzlar, Germany) was
employed to assess the surface morphology of the discs before and after sandblasting. To
enhance sample conductivity, discs were sputtered with platinum before SEM examina-
tion. An optical profilometer PLm2300 (Sensofar, Barcelona, Spain) was used to meas-
ure roughness. Three discs were analysed for each treatment, with three measurements
taken for each disc. The roughness measurements were reported as the arithmetic aver-
age roughness (Ra), the root mean square roughness (Rq), and the total height of the
profile (Rt) parameters.

In vitro testing

Cell cultures

The human gingival fibroblasts cell line (hGF; LGC Standards, Barcelona, Spain) was
used to assess the behaviour of cells in contact with different surfaces. The hGF cells were
employed to examine the cell adhesion and the capacity to promote collagen synthesis.
The fibroblasts were cultured in Fibroblast Basal Medium supplemented with 5 ng mL™!
recombinant human fibroblast growth factor-basic (rh FGF b), 7.5 mM Lglutamine,
50 pg mL ™! ascorbic acid, 1 pg mL~! hydrocortisone hemisuccinate, 5 ug mL~! rh insu-
lin, 2% FBS and 1% penicillin/streptomycin. All reagents were obtained from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA, USA). Human monocytes (THP-1;
ECACC, Public Health England, Porton Down, Salisbury, UK) were used to evaluate
the immune response to the modified surfaces. The cells were cultured in RPMI-1640
medium supplemented with 10% FBS and 1% penicillin/streptomycin (Merck, Waltham,
MA, USA). Phorbol 12-myristate 13-acetate (50 ng mL~%; PMA; Merck) was employed
to differentiate the THP-1 into macrophages. In both cases, wells without biomaterial
samples and with MC discs were used as controls. The cells were maintained under a
humidified atmosphere (90% H,0) of 5% CO, at 37 °C.
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Cell adhesion

The hGF cytoskeleton arrangement on the surfaces was evaluated to measure their
potential to promote cell adhesion. Fibroblasts were seeded on the discs at a den-
sity of 10 x 102 cells cm™2 in 96-well plates (Corning Inc.; Somerville, MA, USA) for 1
and 3 days; then, the assay was carried out as previously described [16]. Briefly, cells
were washed with PBS and fixed with 4% paraformaldehyde (Thermo Fisher Scientific,
Waltham, MA, USA). Then, the samples were permeabilised with 0.1% Triton X-100 and
incubated with phalloidin (1:100; Abcam, Cambridge, UK) diluted in 0.1% w/v bovine
serum albumin (BSA)-PBS for 1 h. Cell nuclei were stained in a mounting medium with
DAPI (Abcam) for 5 min. Fluorescence was measured using a Leica TCS SP8 Confocal
Laser Scanning Microscope (Leica), and photographs were taken using LAS X software
(Leica). The images were analysed employing the Image ] software (National Institutes
of Health, Maryland, USA). The assay was performed in triplicate, and 30 photographs
were taken for each condition to determine the cell area.

Collagen synthesis

The effect of roughness on fibroblast collagen synthesis was evaluated by Sirius Red
staining in saturated picric acid (SR; Merck). The hGF cells were seeded on the different
biomaterial samples at densities of 20 x 102, 10 x 103, and 5 x 10% cells cm ™2 in 96-well
plates for 1, 3 and 7 days, respectively. Cells were fixed using 4% paraformaldehyde
(Thermo Fisher Scientific) for 20 min and washed with PBS. Then, the samples were
incubated with the SR solution for 24 h. After washing off the dye residue with water, the
stain was extracted from samples using 1 M NaOH (Merck). A Multiskan FC microplate
reader (Thermo Fisher Scientific) was used to measure the absorbance at 570 nm. The
experiment was carried out in triplicate.

Immune response

THP-1 cells were used to assess the effect of roughness on the immune response. The
cells were seeded on the sample discs at densities of 3 x 10° and 1.5 x 10* cells cm ™2 in
96-well plates for 1 day and 3 days, respectively. Then, the culture media were collected,
and the tumour necrosis factor a (TNF-a), transforming growth factor f (TGE- ), and
interleukin (IL-4) release levels were evaluated using ELISA kits (Invitrogen, Thermo
Fisher Scientific) following the manufacturer’s guidelines. The assay was performed in

triplicate.

Protein layer characterisation

Protein layer formation assay

The effect of roughness on the protein adsorption patterns on the abutment surfaces
was analysed using proteomics. The discs were incubated in 96-well plates with 0.2 mL
of human serum (from male AB plasma; Merck) under a humidified atmosphere of 5%
CO, at 37 °C for 3 h. After this incubation, the samples were washed with ddH,0O and
100 mM NaCl 50 mM Tris—HCI (pH 7.0; Merck) buffer to remove the non-adsorbed
proteins. The proteins adsorbed on the surfaces were eluted using a solution of 2 M
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thiourea, 7 M urea, 4% CHAPS and 200 mM dithiothreitol (Merck). The experiment was
performed in quadruplicate; each replicate was obtained by pooling the eluates from
four samples.

nLC-MS/MS analysis and bioinformatic data processing

An Evosep ONE chromatograph (Evosep, Odense C, Denmark) was coupled with a
hybrid trapped ion mobility-quadrupole time-of-flight mass spectrometer (timsTOF
Pro with PASEF; Bruker, Billerica, MA, USA) to analyse the eluted protein layers, as
previously described [17]. Each condition was analysed in quadruplicate. Protein iden-
tification and quantification were performed using MaxQuant software (http://maxqu
ant.org/), and differential analyses between conditions were carried out using Perseus
(https://www.maxquant.org/perseus/). UniProt database (https://www.uniprot.org/) and
PANTHER system (http://www.pantherdb.org/) were utilised to categorise differential
proteins based on their functions. STRING v.11.5 (Search Tool for the Retrieval of Inter-
acting Genes/Proteins; https://string-db.org/) was employed to assess the interaction
networks of differential proteins and identify enriched functions related to these pro-
teins. The UniProt ID codes were used as protein names.

Statistical analysis

One-way variance analysis (ANOVA) with a Tukey post hoc test was applied to iden-
tify statistically significant differences (GraphPad Prism® software version 5.04; Graph-
Pad Software Inc., La Jolla, CA, USA) between the physicochemical and in vitro results.
Values of p <0.05 were considered statistically significant. For proteomics, the Student’s
t-test in the Perseus software was used to obtain statistical differences in protein adsorp-
tion for different surface treatments. To classify a protein as differentially adsorbed,
its abundance between conditions had to exhibit statistically significant differences
(p <0.05), and its ratio had to be higher than 1.5 in either direction (UP or DOWN).
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