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Establishing a proper soft tissue adhesion around the implant abutment is essential to prevent microbial invasion, inhibit epithelial
downgrowth, and obtain an optimal healing process. This systematic review aims to evaluate the real potential of TiO, coating on
the behavior of peri-implant soft tissue health and maintenance. A specific aim was to evaluate clinically and histologically the
effect of TiO, abutment coating on epithelial and connective tissue attachment. Electronic database searches were conducted from
1990 to 2023 in MEDLINE/PubMed and the Web of Science databases. In total, 15 out of 485 publications were included. Eight
studies involved humans, and seven were animal studies. Exposure time ranges from 2 days to 5 years. The peri-implant soft tissue
evaluations included clinical assessment (plaque index (PI), peri-implant probing pocket depth (PPD), and bleeding on probing
(BoP)), histological as well as histomorphometric analysis. The Office of Health Assessment and Translation (OHAT) Risk of Bias
Rating Tool for Human and Animal Studies was used to evaluate the overall quality of the studies included in the review. The
results showed some variation but remained within acceptable limits. Within the limitations of this systematic review, the present
findings suggest that TiO, coatings seem to influence soft tissue healing. TiO,-coated abutments with a roughness value between
0.2 and 0.5 ym enhance soft tissue health. Sol-gel-derived TiO, coatings induced better soft tissue attachment than noncoated
machined abutment surfaces. The anodized titanium abutments demonstrate comparable clinical and histological outcomes to
conventional machined abutments. However, there was variation among the included studies concerning TiO, coating character-
istics and the measured outcomes used to evaluate the soft tissue response, and therefore, quantitative analysis was not feasible.
Long-term in vivo studies with standardized soft tissue analysis and coating surface parameters are necessary before a definitive
conclusion can be drawn. OSF Registration No.: 10.17605/OSF.IO/E5RQV.

1. Introduction

The use of implants in dentistry is a routine treatment modal-
ity nowadays. Implant abutment materials and their surface
characteristics are considered crucial factors in improving the
clinical performance of dental implants [1, 2]. The interaction
of the implant abutment surfaces with soft tissue is guided
mainly by their surface wettability, roughness, and topogra-
phy, which have been considered the key influencing factors
that affect the initial cell responses at the cell-material interface

and ultimately promote a bond with the surrounding tissues
[2]. It has been shown that abutments with good surface wet-
tability have the potential to enhance epithelial and connective
tissue contact with the abutment surface [3]. Machined tita-
nium (T1i) surfaces have been used clinically for implant abut-
ments to impede bacterial adhesion and biofilm formation.
However, the surface modification to the implant surface at
the transmucosal level has been shown to facilitate peri-
implant soft tissue attachment without promoting bacterial
colonization and reduce the risk of bone resorption [2, 4, 5].
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Various surface modification techniques have been devel-
oped to optimize osseointegration at the bone tissue—implant
interface. Moderately rough surfaces (Sa=1-2um; with Sa
being the arithmetic mean of the absolute values of the surface
departures from the mean plane) at the bone level have shown
good osteogenic properties and more bone formation than
minimally rough surfaces (Sa=0.5-1ym) [6, 7]. In compari-
son, at the soft tissue interface, the formation of epithelium and
connective tissue seal between the implant abutment and the
surrounding soft tissue is essential to hinder bacterial infiltra-
tion, inhibit epithelial downgrowth, and obtain optimal heal-
ing [8-10]. Therefore, surface modification techniques, such as
grit-blasting, acid etching, Ti plasma spraying, electrochemical
anodic oxidation, and laser treatment, have enhanced surface
bioactivity and created surface structures with different topo-
graphies for guided tissue regeneration [11-14].

The junctional epithelium (JE) attaches to the tooth surface
via basal lamina and hemidesmosomes along the epithelia—
tooth interface, while the peri-implant epithelium attachment
is weaker and displays slower cell proliferation to the implant
surface. In addition, the internal basal lamina and hemides-
mosomes have been found only at the apical region of the
epithelia—implant interface [15, 16]. This difference in epithe-
lial attachment indicates that the peri-implant epithelial tissue
has a lower functional sealing capacity than the JE around
natural teeth [10]. In addition, the parallel orientation of the
collagen fibers to the implant surface weakens the defense
mechanism around the implants, making them more suscep-
tible to epithelial downgrowth and bacterial invasion when
compared with natural dentition [17, 18]. Recent studies, how-
ever, have shown the presence of fibers oriented perpendicu-
lar/oblique to the modified transmucosal abutment surface
[19, 20]. Therefore, it might be expected that implant surface
modification could influence cell attachment and healing pro-
cess at the Ti-tissue interface.

Different surface modifications of the implant transmu-
cosal component have been studied previously to ensure
proper soft tissue attachment and stability. TiO, coating is
one example of surface modifications that have shown prom-
ising potential to improve soft tissue attachment on implant
surfaces [21]. Various techniques have been used to obtain
bioactive TiO, coatings on implant surfaces. These include
plasma spraying [22], anodic oxidation [23], a sol-gel coat-
ing method [24], and hydrothermal (HT) treatment [25].
Despite developing various TiO, surface modification techni-
ques to produce bioactive coatings on medical devices, their
widespread clinical adoption remains challenging. Coating
techniques need to be biocompatible, simple, reproducible,
and financially viable for industrial-scale application while
accommodating complex shapes and topographies.

Modifying the Ti implant surface at the nanoscale level
can alter surface chemistry and topography, influencing the
implant surface interaction with ions, proteins, and cells
[26]. These interactions can enhance molecular and cellular
activities and promote tissue healing at the Ti-tissue inter-
face [27, 28]. Several in vitro studies have demonstrated that
nanoporous TiO, coatings enhanced gingival cell response
[5, 21, 29, 30]. It has been shown that nanostructured TiO,
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coatings with smooth surface topography and good wettabil-
ity promote favorable fibroblast and epithelial cell responses
compared to machined surfaces which ultimately affects the
rate and quality of new tissue formation [31]. However, in
vitro studies cannot truly represent the biological process of
oral implant and abutment integration. Furthermore, there is
limited in vivo data on the impact of these surface properties
on the soft tissue—implant interface. Therefore, this system-
atic review aims to investigate the in vivo potential of TiO,
abutment coatings on soft tissue health and maintenance.
A specific aim was to evaluate the effect of TiO, abutment
coating on epithelial and connective tissue attachment.

2. Materials and Methods

The studies selected in the present systematic review were
screened according to Preferred Reporting Items for System-
atic Reviews and Meta-Analysis (PRISMA) guidelines [32].
The research question was: “What is the effect of TiO, coated
abutment on soft tissue-implant interface?”. The question
was established based on the PICOS (Population—Interven-
tion—Comparison—Outcomes and Setting) strategy:

(i) Population: soft tissue implant interface.
(i) Intervention: abutments with TiO, coatings.
(iii) Comparison: noncoated machined abutment.

(iv) Outcomes: soft tissue response with a qualitative
and/or quantitative evaluation.

(v) Setting: in vivo studies.

The review protocol was registered in Open Science
Framework (OSF) Registries. The PRISMA checKklist for this
study is reported in the electronic supplementary material
(Supplementary 1).

2.1. Eligibility Criteria. Original research papers, randomized
control trials, nonrandomized observational studies, and
prospective and retrospective studies were eligible for this
review. Solely in vivo studies evaluating the effect of TiO,-
coated abutments on soft tissue—implant interface response
were considered; this included studies of human and animal
models. Studies with a surface modification other than TiO,
coating were not included. Also, Studies addressing only the
interface between bone and Ti were eliminated. Only the soft
tissue aspect was considered if a selected paper reported soft
and bone tissue results. In addition, only articles written in
English were selected.

2.2. Information Sources and Search Strategy. The systematic
literature search was conducted using the electronic database
searches of (MEDLINE/PubMed and the Web of Science).
The search filters applied included peer-reviewed articles
written in English and published between 1990 and 2023.
Keywords related to TiO,-coated implant/abutments were
combined with keywords related to soft tissues with AND/OR
as Boolean operators, as shown in Table 1. The search process
was extended by filtering the reference lists of the selected
studies to identify any additional studies related to the topic.
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TaBLE 1: Search strategy and keywords.

#1 “Dental implant” or “healing abutment” or abutment* or “dental abutment” or “oral implant” or “prosthetic abutment”
# “Titanium dioxide” or TiO,* or “titanium oxide” or titanium dioxide coat* or titanium oxide coat* or surface modif* or
modified surface* or nanotube* or nanostructure” nanoporous*
#3 “peri-implant soft tissue” or gingiva* or fibroblast* or “human gingival fibroblast” or
“Gingival epithelial cell” or keratinocyte® or mucosa® or “tissue-implant interface” or “peri-implant tissue”
#4 titanium® or “Ti6Al4V” or Zircon*
#5 #1 and #2 and #3 and #4

(*) indicates variable endings of a root word.

Records identified from PubMed

g databases searching Records removed before
= (n=178) screening:
& Records identified from Web of > duplicate records removed by
E Science databases searching. automated tool
= (n=307) (n = 140)
Total = (485)

_
l
Records screened for titles and

abstracts
(n=345)

Records excluded based on title
and abstract evaluation.
(n=318)

v

Screening

Reports excluded*
(n=15)

v

Records assessed for eligibility.
(n=27)

Records identified from
citation searching
(n=3)

*Reports excluded
(n=15)

1. Review article (n = 3)

2. TiO2 coating was used in both test and
control groups (n = 3)

3. No control group (n = 2)

4. More about bone loss (n = 2)

5. Different soft tissue analysis (1 = 1)

6. Duplicate study (n = 2)

v 7. Mechanical analysis (n = 1)

[

)

N

Reports assessed for eligibility
(n=3)

8. Antibacterial properties (n = 1)

Studies included in the review.
(n =12 + 3) studies based on
manual search.

n=15

Included

<
<

[

Ficure 1: PRISMA flow diagram of the study selection procedure. (*) indicates reports excluded box which explains the reasons for excluding articles.

2.3. Study Selection and Data Extraction. The selection pro-
cess of the electronic search results was carried out by
excluding the duplicates. Two independent researchers (FA
and NA) screened the title and abstract. Then, the same
reviewers assessed the full texts of the studies meeting the
criteria and those with insufficient data in the title and
abstract. Irrelevant studies were eliminated, and the fourth
author (TN) was contacted for clarification in case of dis-
agreement. The inter-rater reliability was evaluated using
kappa coefficients. Eligible articles were stored in an elec-
tronic full-text version. Two reviewers (NA and SR) extracted
data independently and inserted it into two Excel spread-
sheets for animal and clinical studies designed for this pur-
pose. The following variables were extracted from each study:
the author’s name and year of publication, study model, study
design, TiO, coating techniques, number of implant/abut-
ment, treatment and control interventions, coating thickness,
soft tissue analysis, and trial duration.

2.4. Risk of Bias in Individual Studies. The quality assessment
of the selected studies was performed using the Office of Health
Assessment and Translation (OHAT) Risk of Bias (ROB) Rat-
ing Tool for Human and Animal Studies [33]. The OHAT
ROB assessment tool is a parallel approach that assesses the

quality and ROB in human and animal studies. The ROB
assessment was conducted independently for human and ani-
mal studies. The analysis was done at the study level and was
carried out by two independent reviewers (FA and NA). The
OHAT ROB criteria are organized under six ROB domains:
selection, confounding, performance, attrition/exclusion, detec-
tion, and selective reporting ROB, with sets of criteria for each
one separately (n=11). These criteria assess randomization,
allocation concealment, experimental conditions, blinding,
incomplete data, exposure characterization, outcome assess-
ment, reporting, and other biases related to the methodological
structure. Each domain was rated as “definitely low,” “proba-
bly low,” “probably high,” or “definitely high” ROB, depending
on the descriptions given for each item in the selected studies.
Any discrepancies between the judgments of the two reviewers
were clarified by discussion.

3. Results

3.1. Study Selection. The PRISMA flow diagram reporting,
screening, and selection of studies is presented in Figure 1.
From the initial search, 485 publications were identified (178
articles from PubMed and 307 articles from Web of Science).
After the initial title and abstract screening, 27 papers were
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TaBLE 2: Risk of bias results for the studies using the OHAT rating tool.

Authors Selection bias Confounding bias Performance bias Attrition bias Detection bias Selective reporting bias
Glauser et al. [47] - + - ++ - +
Schupbach and Glauser [48] - + — + - +
Wennerberg et al. [41] ++ ++ + + + ++
Gothberg et al. [42] ++ + ++ + ++ +

Raes et al. [43] ++ ++ + + _ ++

Hall et al. [44] ++ 4+ + 4+ + T+t
Dib-Zaitum et al. [45] ++ + ++ 4 - ++

Farrag and Khamis [46] ++ ++ + ++ + +
Ungersbock et al. [40] - + - — + ++

Susin et al. [35] ++ ++ + ++ ++ 44

Fukayo et al. [37] - - - + - T+

Rossi et al. [36] - ++ - + + +

Areva et al. [39] + + - + - +

Paladan et al. [38] + + - — - +

Welander et al. [34] - - — + + +

Note: “++47: definitely low risk of bias; “+”: probably low risk of bias; “~”: probably high risk of bias; and “~ —”: definitely high risk of bias.

selected for full-text evaluation based on the inclusion and
exclusion criteria. In addition, three publications were added
manually. A total of 15 studies were included in this systematic
review [34-48]. Kappa values for title and full-text overall
agreement were 0.76 and 0.82, respectively, indicating a good
agreement.

3.2. Quality Assessment-Risk of BIAS in Individual Studies.
Table 2 illustrates the scores for each criterion of the included
studies. The results showed some deviation but were consid-
ered acceptable. Performance bias was considered “Probably
High” in Welander et al. [34], Rossi et al. [36], Ungersbock
et al. [40], Glauser et al. [47], Schupbach and Glauser [48],
Fukayo et al. [37], Paldan et al. [38], and Areva et al. [39],
because insufficient information provided about blinding to
study group during the study. Detection reporting bias was
considered at “Probably High” risk in Glauser et al. [47],
Schupbach and Glauser [48], Fukayo et al. [37], Paldan et al.
[38], Areva et al. [39], Raes et al. [43], and Dib-Zaitum et al.
[45] because of indirect evidence indicating lack of adequate
blinding of the clinician during outcome assessment. Attrition
bias was considered “Probably High” by Paldan et al. [38], and
Ungersbock et al. [40], due to insufficient information about
animal loss. Selection bias was “Probably High” in Welander
etal. [34], Rossi et al. [36], Fukayo et al. [37], Ungersbock et al.
[40], and Glauser et al. [47] because of insufficient information
about allocation to study groups. In contrast, it was “Definitely
High” in Schupbach and Glauser [48] because there was no
randomization to the type of abutment each patient received.

3.3. Study Characteristics. After full-text screening, 15 studies
were selected for detailed analysis and data extraction [34—48].
In all included studies, commercially pure (cp) Tior a Ti6Al4V
alloy was used for the implant. A machined or polished surface
was defined as the control surface. The study design varied in
terms of study model and duration time. Eight selected studies
involved humans [41-48], and seven were animal studies
[34-40], including rats, dogs, pigs, and sheep. Exposure time

ranges from 2 days to 5 years. The implant geometry also
varied between the studies, from discs and cylinders to screws.
Various TiO, coating techniques were used, including anod-
ized techniques, Sol-gel derived TiO, coatings, TiO,-blasted
techniques, laser treatment, and oxidized techniques. The
peri-implant soft tissue evaluation included clinical assess-
ment (plaque index (PI), peri-implant probing pocket depth
(PPD), and bleeding on probing (BoP)), histological as well
as histomorphometric analysis. Due to the differences in
animal models and TiO, coating techniques used among
studies, results were compiled in subgroups based on the
study design: animal and human studies. The selected ani-
mal and human studies and their main characteristics are
given in Tables 3 and 4, respectively.

3.3.1. Animal Studies. In this group, a total of seven studies,
distributed as follows: rats (3), dogs (2), pigs (1), and sheep
(1) were included. These animal experiments were all designed
to investigate soft tissue response to TiO,-coated implant
surfaces using histological and histomorphometric analysis.
The studies included differed in terms of the soft tissue type
used. Four studies used oral mucosal tissue [34-37], two used
dorsal subcutaneous tissue [38, 39], and one used muscle
tissue [40]. Also, the follow-up time varied between 2 days
and 4 months (Table 3).

Areva et al. [39] investigated the soft tissue response
to sol-gel-derived TiO, coating (thickness: 380 nm; Ra=
0.88 nm; with Ra being the arithmetic average of the absolute
values of the profile heights) on a cp Ti implant inserted
subcutaneously in a rat model. After 2 days of implantation,
the connective tissue was attached to the titania-coated sur-
faces, whereas the noncoated control Ti showed no evidence
of connective tissue attachment. After 7 days, the coated
surfaces were surrounded by connective tissue components;
meanwhile, a few collagen fibers and fibroblasts were seen
on the control surfaces. On day 12, the histological analysis
showed that the connective tissue was in immediate contact
with the coated Ti. In contrast, a clear gap and a fibrous
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capsule formed between the connective tissue and the non-
coated Ti controls.

Moreover, their follow-up study evaluated the strength
of soft tissue attachment to sol-gel derived TiO, coatings
(thickness: 380 nm; Sa =0.26 um) with different aging time,
on cp Ti using a rat model [38]. At all-time points (3, 11 and
90 days), the coated surfaces showed close contact with the
surrounding soft tissues with no clear connective tissue cap-
sule, while the connective tissue capsule was visible around
the noncoated group. The strength of soft tissue attachment
was measured by pullout force. The rupture forces were higher
for coated than noncoated Ti implants, whereas sol aging time
does not influence soft tissue attachment. Scanning electron
microscope (SEM) evaluation, carried out immediately after
the pullout measurement, showed connective tissue remnants
on the coated implants. In contrast, no connective tissue was
detected on the noncoated implants. This indicated that with
coated implants, the tissue rupture happened within the con-
nective tissue layer rather than at the tissue-implant interface,
as observed in the control implants [38].

The same research group compared the peri-implant soft
tissue attachment between TiO,-coated (thickness: 380 nmy;
Sa=0.26 um), and noncoated cp Ti surfaces at the transmu-
cosal part of ITI® implants in a beagle dog model for 8 weeks
[36]. Histological analysis showed mild inflammatory reac-
tions in peri-implant connective tissues around the coated
implants. Moreover, the JE appeared in intimate contact with
the coated implant surface. In contrast, a thin gap was observed
between the noncoated implant surface and the JE, leading to
minor cell adhesion. In addition, 45% of the control implants
displayed a total detachment of JE compared to 22% of the
coated implants. Transmission electron microscopic evalua-
tion demonstrated dense plaques of hemidesmosomes on the
JE cell membrane facing the coated implants [36].

Alternatively, Ungersbock et al. [40] studied the effect of
Ti plate implants with different surface treatments on the
soft tissue response at the interface. The Ti plates were placed
on the tibia under the leg muscles using the sheep model. They
found that Ti anodized plates with a coarse surface (Ra=0.76 &
0.1 m) and Ti milled (Ra=0.91 £ 0.1 yum) showed good soft
tissue adhesion with small connective tissue fibers, which rup-
tured when lifting off the tissue layer after 12 weeks of implan-
tation. In contrast, a nonadherent and thick soft tissue capsule
was observed for fine anodized Ti plates (Ra=0.44 0.1 ym)
with parallel orientated fibers. On the other hand, Susin et al.
[35] compared the peri-implant soft tissue response around
anodized abutment (thickness:153 4+ 5nm; Sa=0.1 yum) using
an intraoral mini pig model. No statistically significant differ-
ences in the inflammation scores and epithelium length were
observed between the control and test groups at any point in
healing time. Mucosal height was significantly higher at 3 weeks
in favor of the control group, but this difference was not
observed at 6 and 13 weeks. The soft tissue healing around Ti
abutments with either a turned or a moderately rough TiO-
blast surface was studied by Welander et al. [34] using a mon-
grel dog model. After 4 months of healing, the connective tissue
in contact with the test abutment showed a higher density of
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collagen and a lower number of fibroblasts than that at the
turned control abutment.

Similarly, Fukayo et al. [37] evaluated the gingival connec-
tive tissue responses toward nanosecond-pulsed laser-treated
Tiimplants (with micro-scale roughened oxide layers) inserted
into the extracted sockets of rat maxillary molars. The histo-
logical analysis demonstrated better attachment of gingival
connective tissue to Laser-Ti implants after 3 and 6 weeks of
implantation compared to nontreated Ti implants. Moreover,
Polarized light microscopy showed rod-like attachments of
gingival collagen fibers running perpendicular to the Laser-
Ti implant surfaces. In contrast, there were no detectable
attachments with the gingival connective tissue along the
control implant surface.

3.3.2. Clinical Studies. In this group, eight clinical studies
were included, six randomized [41-46] and one nonrando-
mized trial [47], while the study design of one clinical trial
was not reported [48]. These clinical trials were designed to
evaluate the effect of TiO,-coated abutments on peri-implant
soft tissue healing. Three studies used mini-implants [41, 47, 48],
two used healing or temporary abutments, and a short follow-
up period ranged from 3 days to 14 weeks [44, 45]. The other
three studies used permanent abutments connected to fixed or
removable prostheses with a more extended follow-up period
of 1.5-5 years [42, 43, 46]. The soft tissue evaluation was
expressed as clinical assessment, histological, and histomor-
phometric analysis.

Glauser et al. [47] produced microporous TiO, coating
on experimental one-piece mini implants using microarc
oxidation. A total of 12 implants with an oxidized, a machined,
or an acid-etched surface were inserted in five patients and
harvested following a transmucosal healing period of 8 weeks.
The histomorphometric analysis of the soft tissue barrier dem-
onstrated less epithelial downgrowth and longer connective
tissue seal at TiO,-modified implants than machined implants.
At the same time, the collagen fibers of the connective tissue
seal were run parallel to the implant surfaces. The same group
conducted a follow-up study using the same material to inves-
tigate the structural and ultrastructural features between trans-
mucosal Ti implants and their surrounding tissues interface
using light and transmission electron microscopy [48]. After
an 8-week healing period, no substantial differences were
observed for the epithelial interfaces concerning all evaluated
implant surfaces. In contrast, depending on the implant tex-
ture, significant morphologic differences were noted in how
the implants interface with connective tissue. Implants with
oxidized surfaces revealed the attached connective tissue with
collagenous fibrils functionally oriented toward the implant
surface [48].

Moreover, Wennerberg et al. [41] prepared nanoporous
TiO, coating (thickness: 380 nm; Ra=0.88 nm) on experi-
mental microimplants utilizing a sol-gel coating method.
Thirty experimental microimplants were placed in 15 patients
to compare the histologic features of nanoporous TiO,-coated
against noncoated surfaces. At the time of implant retrieval
(14 weeks), the TiO,-coated implants demonstrated healthier
and firmer soft tissue attachment than the noncoated implant.
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The mean percentage of the oral mucosa (epithelium and
connective tissue) in contact with the implant transmucosal
part was significantly higher for the coated group (72%) than
that of the control group (48%). However, no difference was
observed in the number of inflammatory cells and fibroblasts,
the sulcus depth, or the height of the marginal gingiva between
the two implant surfaces.

Gothberg et al. [42], in a 5-year follow-up study, analyzed
the behavior of soft tissue next to machined and TiUnite®
abutments in 50 partially edentulous patients (with good
oral hygiene) treated with a three-unit fixed prosthesis using
delayed or immediate loading procedure. No raw periodon-
tal parameters were available except for bone level. However,
based on their observations, the authors rejected the hypoth-
esis that a moderately rough (oxidized) abutment facilitates a
soft tissue seal from the surrounding oral environment. Both
machined and oxidized abutments revealed soft tissue regres-
sion. In addition, similar levels of BoP and PPD were found
between machined and oxidized abutments.

Similarly, Raes et al. [43] compared the clinical perfor-
mance of the minimally machined surface and moderately
rough (TiUnite®) abutment surface (Sa=1.1 ym) in patients
with a history of severe periodontitis. Patients were either
fully or partially edentulous with teeth in the opposing jaw
having remaining pockets and treated with full-arch fixed
brid(ge or overdenture. After 5 years of follow-up, the TiU-
nite” abutments showed increased bone loss, PPD, clinical
attachment loss, and BoP compared to the machined abut-
ment. However, the differences between both surfaces were
statistically insignificant. The cumulative survival rate was
97.6% for machined and 100% for oxidized implants/abut-
ments. The authors concluded that in patients with a history
of severe periodontitis, minimally rough implants/abutments
showed more favorable clinical outcomes than moderately
rough implants/abutments surfaces.

Alternatively, Farrag and Khamis [46] evaluated the peri-
implant soft tissue health around anodized and nonanodized
abutments connected to osseointegrated implants in 30 patients.
Each patient received two abutments: one anodized abutment
(experimental group) and one nonanodized abutment (con-
trol group). The peri-implant soft tissue was evaluated using
PPD, soft tissue recession, modified sulcus bleeding index,
modified PI, and modified gingival index. Throughout the
evaluation period (18 months), no statistically significant dif-
ferences were observed between anodized and nonanodized
abutments in relation to peri-implant soft tissue health.

Comparable results have been reported by Hall et al. [44],
who studied the effect of a nanostructured anodized abut-
ment surface (thickness: 100 nm; Ra=0.2m) on healing
and soft tissue health. A total of 35 patients received a pair
of anodized (test) and machined (control) abutments. The
abutments placed at the time of implant insertion were replaced
after 6 weeks by definitive abutments with the same surface
properties and followed up after 6 months and 2 years.
Anodized abutments showed significantly lower soft tissue
bleeding upon abutment removal at a 6-week follow-up and
a greater height of keratinized mucosa throughout the 2-year
follow-up, indicating better soft tissue outcomes than control

abutments. However, no significant differences were detected
between the anodized and machined groups concerning the
PPD, PI, and signs of inflammation (redness and swelling
index). Furthermore, significant differences in gene expression
markers were observed between the test and control groups,
indicating differences in soft tissue healing and remodeling.

In contrast, Dib-Zaitum et al. [45] analyzed clinically and
histologically the response of the peri-implant soft tissue to
transgingival abutment with or without surface treatment.
Ten patients with edentulous maxilla received four implants
placed in the area of the first and second molars on both sides
and connected with either anodized or machined abutments
for 8 weeks. The machined abutments showed better perfor-
mance at both the epithelial and connective levels, with an
epithelium height of 1.52 mm and a connective tissue height
of 2.3 mm, than the anodized abutment with epithelium and
connective heights of 2.02mm and 1.74 mm, respectively.
The anodized abutments tended to be in contact with a
denser connective tissue. However, no significant differences
were observed in the dimensions of the biological width, the
density of the collagen fibers, and the number of inflamma-
tory cells between the two abutment surfaces.

4, Discussion

It is well-known that establishing a proper soft tissue adhe-
sion at the abutment-soft tissue interface is crucial for suc-
cessful dental implants. However, forming this bond between
the implant abutments and the surrounding soft tissue is not
easily achieved. It has been found that the wound healing
process around dental implants is characterized by a high
proinflammatory state, resulting in fibrous capsule forma-
tion that hinders the direct attachment of adjacent soft tissue
to the abutment surface [49]. This soft tissue seal around the
implant abutment is essential to prevent microbial invasion,
inhibit epithelial downgrowth, and obtain an optimal healing
process [50].

Although increased implant surface roughness has been
indicated to enhance bone-to-implant contact, it encourages
biofilm formation, which may affect peri-implant soft tissue
health and maintenance [51, 52]. Therefore, more knowledge
is needed about the influence of surface topography on the
development and maintenance of the soft tissue barrier.
Some studies state that surface roughness values smaller
than the “critical threshold” of 0.2 um are often preferred
for abutments [53]. However, there is good evidence that
modifying the transmucosal implant surface may enhance
peri-implant soft tissue attachment [33, 54-57]. In the early
stage, moderately rough-surfaced abutment could aid in soft
tissue integration [56, 57]. This was supported by the find-
ings of the present systematic review, where better soft tissue
adhesion with good connective tissue seal and higher density
of collagen fibers were observed at the TiO,-coated abutments
than at the control-turned abutment surface [34, 40]. Perpen-
dicular gingival collagen fibers were also observed on the
Laser-Ti implant surface at 6 weeks, resulting in better con-
nective tissue attachment [37]. Consistent with these findings,
recent studies indicated that, at the early stage of healing,
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modified abutment surfaces encourage the formation of
perpendicular collagen fibers attachment to the abutment
surface [19, 20]. This positive effect appears less efficient over an
extended period without any negative consequences, although
some studies observed increased biofilm formation on modi-
fied surfaces [51, 52].

Gingival attachment to implant surfaces can be enhanced
by altering surface properties, such as modifying surface
topography, wettability, or bioactivity. Nanoporous TiO, coat-
ings are one example of surface modifications frequently inves-
tigated to improve soft tissue attachment on implant surfaces.
Previous in vitro studies have shown that nanostructured
TiO,-coating improves surface wettability and modified sur-
face topography by creating a smooth and nanoporous struc-
ture [58, 59]. The higher wettability, which represents the
hydrophilic behavior of the nanostructure TiO, surface, pro-
moted protein adsorption, encouraged cell adhesion and pro-
liferation, and consequently enhanced connective tissue
regeneration [29, 30]. Furthermore, the author’s previous in
vitro review has shown that TiO, coatings with smooth surface
topography and good wettability promote fibroblast and epi-
thelial cell response compared with machined surfaces [31].
However, the outcomes of the present systematic review did
not consistently align with these findings. Based on the animal
studies included in this review, nanoporous sol-gel-derived
TiO, coated implants were able to reduce epithelial down-
growth and facilitate direct soft tissue attachment compared
to noncoated machined implants [36, 38, 39]. The mechanism
underlying soft tissue attachment to sol-gel-derived TiO, coat-
ing remains unclear. However, it appears that nanoporous
TiO, thin films attract proteins like fibronectin, facilitating
cell attachment [39]. Other factors influencing soft tissue
reactions include macrophage preference for rough surfaces
[60, 61]. Smooth sol-gel-derived TiO,-modified surfaces
lack signals for macrophages, preventing interleukin-1 (IL-1)
formation and thereby reducing capsule formation. More-
over, capsule formation typically occurs around implants
with low-energy surfaces. Cells do not adhere to a low-energy
surface but instead bind to each other, often leading to the
formation of a capsule [61]. The presence of specific high-
energy TiOH-groups in titania gel, containing anatase and
rutile structures, induces calcium phosphate formation and
enhances biomolecule adhesion, leading to better tissue inte-
gration [62—64]. Anatase and rutile structures on these sur-
faces allow for closer attachment of physiological fluids,
proteins, and soft tissues compared to amorphous Ti struc-
tures, facilitating enhanced adhesion and spreading of con-
nective tissue cells [36, 38, 39, 64].

The findings of the previous animal experiments were
supported by a clinical study that evaluated the soft tissue
attachment to sol-gel TiO, surface-modified implants [41].
According to Wennerberg et al. [41], the nanoporous TiO,-
coated abutments could promote soft tissue attachment on
abutment surfaces. Therefore, it has a potential clinical ben-
efit in improved healing and reduced bone resorption. In
addition, a comparable beneficial effect of nanotopography
was also demonstrated with microarc oxidized TiO, coatings
[47, 48]. The oxidized implant revealed less epithelial down
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growth and a longer connective tissue seal than the machined
implant [47, 48]. It also influenced the alignment of collagen
fibers adjacent to the implant, as indicated by functionally
oriented fibers, which may impede the downgrowth of the JE.
Meanwhile, with the smooth machined surface, most fibers
were parallel to the implant surface [48]. This may indicate
that the abutment surface texture may affect the orientation
of collagen fibers of the connective tissue at the abutment
surface. However, the precise mechanism influencing the
orientation of fibers concerning smooth and rough surfaces
remains unidentified.

On the contrary, the longer term prospective clinical
studies (5 years) included in this review reported different
results [42, 43]. Based on Gothberg et al. [42] and Raes et al.
[43], the oxidized (TiUnite®) abutments reported a less
favorable outcome than the machined Ti surface. While
only patients with good oral hygiene were included in the
Gothberg et al. [42] study, all the patients in the study con-
ducted by Raes et al. [43] had a history of severe periodonti-
tis. The authors concluded that in patients with a history of
severe periodontitis, minimally rough (machined) implants/
abutments showed more favorable clinical outcomes than
moderately rough (oxidized) implants/abutments surfaces.
This difference might be attributed to patients with a history
of severe periodontal disease having inadequate oral hygiene
procedures [65], and the moderately rough abutment surface
may require extra effort in their maintenance. However, the
differences between both surfaces were statistically insignifi-
cant [42, 43].

Anodic oxidation is another surface modification tech-
nique used to obtain a bioactive Ti oxide layer on the Ti
surface. This technique alters the surface topography and
surface chemistry, which are essential for the biological
response [23]. Based on this in vivo systematic review, there
were no significant differences in soft tissue response between
anodized and nonanodized Ti abutments [35, 45, 46]. This
finding suggests that the anodized modified surface does not
interfere with peri-implant soft tissue health.

On the other hand, Hall et al. [44] study demonstrated
better soft tissue outcomes for anodized abutment compared
with conventional machined abutment with a similar surface
roughness value of approximately 0.2 ym. However, no sig-
nificant effect was observed on bacterial colonization and
proteolytic activity between test and control abutment [44].
The discrepancy between the studies may be attributed to
factors other than the type of abutment surfaces, such as the
implant site, implant maintenance, smoking habits, and
medical conditions of patients. These findings seem to agree
with the results of a recent systematic review analyzing peri-
implant tissue behavior around Ti abutment surface modifi-
cations [66]. According to Canullo et al. [55, 66], surface
modifications of Ti abutments did not appear to have a
detrimental impact on peri-implant soft tissue in the short
term. The results of the present systematic review indicated
that TiO, coatings appear to enhance soft tissue attachment,
which could positively influence clinical outcomes.

In this systematic review, strict criteria for selecting stud-
ies have been implemented to minimize variability, and
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several studies were excluded due to their failure to report the
specific outcomes of interest for this review. The studies’
quality was evaluated using the OHAT ROB rating tool for
both human and animal studies. All studies were acceptable
according to the criteria set by this assessment.

A quantitative analysis (meta-analysis) was not possible
in this review due to variations in the methods and measured
outcomes among the studies included. Consequently, only
qualitative analysis was conducted. Another limitation of this
review is that the TiO, coatings in the included studies were
produced using different techniques, including the anodized
method [35, 40, 44-46], oxidized method (TiUnite®) [42, 43],
sol-gel-derived TiO, coatings [36, 38, 39, 41], microarc oxi-
dation [47, 48], TiOblast technique [34], and laser treatment
[37]. Also, there was inconsistency in reported surface char-
acterization and coating properties. Few studies provided
detailed information about the surface characteristics. How-
ever, these data primarily focused on coating thickness and
average roughness. Moreover, the follow-up period is widely
different between the included studies, ranging from 2 to
5 years, making comparisons more difficult. Furthermore,
certain studies present findings based on a limited sample
size, and therefore, a clear conclusion on the optimal TiO,
coating properties to improve the soft tissue-abutment inter-
face cannot be drawn. Further, in vivo studies with stan-
dardized methods for evaluating soft-tissue attachment and
standardized surface parameters of TiO, coatings are recom-
mended to evaluate the soft tissue-abutment interface.

5. Conclusion

Within the limitations of this in vivo systematic review, the
present findings suggest that TiO, coatings seem to promote
soft tissue healing. TiO,-coated abutments with a roughness
value between 0.2 and 0.5 ym enhance soft tissue adhesion.
Coatings produced by MAO and sol-gel-derived TiO, coat-
ings induced better soft tissue attachment than noncoated
machined abutment surfaces. The anodized Ti abutments
demonstrate comparable clinical and histological outcomes
to conventional machined abutments.

Data Availability

All the data is available in the main text.

Additional Points

Summary Box. What is known: TiO, coating is a surface
modification that has shown good potential to improve
soft tissue attachment on implant surfaces. A recent system-
atic review suggested TiO, coatings with smooth surface
topography promote gingival cell response. This systematic
review was based on in vitro studies and cannot truly repre-
sent the biological process of oral implant and abutment
integration. What this study adds: This review aims to evalu-
ate the in vivo potential of TiO, coatings on peri-implant soft
tissue health and maintenance. TiO,-coated abutments with
a roughness value between 0.2 and 0.5 ym enhance soft tissue
health, which could positively influence clinical outcomes.
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