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Abstract

Epithelium attachment to the tooth or abutment surface is necessary to form a biological seal preventing 
pathogens and irritants from penetrating the body and reaching the underlying soft tissues and bone, which 
in turn can lead to inflammation and subsequent bone resorption. The present review investigated oral wound 
closure and the role of micro-environment, saliva, crevicular fluid and microbiota in wound healing. The 
importance of the junctional epithelium (peri-implant epithelium) attachment to the abutment surface was 
investigated. Current research focuses on macro-design, surface-topography, surface-chemistry, materials, 
coatings and wettability to enhance attachment, since these optimised surface properties are expected to 
promote keratinocyte attachment and spreading through hemi-desmosome formation. Detailed studies 
describing the extent of junctional epithelium attachment – e.g. barrier function, hemi-desmosomes, epithelium 
quality, composition of the external basement membrane or ability of the epithelium to resist microbial 
penetration and colonisation – are not yet reported in animals due to ethical considerations, scalability, 
expense, technical challenges and limited availability of antibodies. In vitro studies generally include relatively 
simple 2D culture models, which lack the complexity required to draw relevant conclusions. Additionally, 
human organotypic 3D mucosa models are being developed. The present review concluded that more 
research using these organotypic mucosa models may identify relevant parameters involved in soft-tissue-
abutment interactions, which could be used to study different macro-shapes and surface modifications. Such 
studies would bridge the gap between clinical, animal and traditional in vitro cell culture studies supporting 
development of abutments aiming at improved clinical performance.
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Introduction

Novel materials and surface modifications are 
being continuously developed to improve clinical 
performance of dental abutments and implants. A 
dental implant is a medical device that interfaces 
with the bone of the jaw. Therefore, dental implants 
are designed to promote optimal attachment to the 
bone (osseointegration). The abutment is a connecting 
element between the implant and the dental prosthetic 
(e.g. bridge or crown) which is designed to support 

gingival soft tissue attachment and, in particular, 
epithelial tissue attachment. The epithelium forms 
the outermost barrier between the organism and the 
environment and is in contact with the vascularised 
connective tissue. The connective tissue provides 
tensile strength to the gingiva and nutrients to 
the epithelium and lies above the bone. Epithelial 
attachment to the abutment surface is required to 
form a tight barrier to protect the underlying bone 
from microorganisms and other pathogenic insults. 
Pathogenic microbial colonisation can lead to peri-
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implantitis, characterised by gingival recession, 
inflammation and bone resorption, often culminating 
in dental implant failure [see extensive reviews of 
clinical studies (Berglundh et al., 2019; Hammerle et 
al., 2012; Lang and Lindhe, 2015; Sculean et al., 2014)]. 
A balance is maintained thanks to the barrier function 
of the epithelium and the microbiome, which is aided 
by the multitude of wound healing and antimicrobial 
molecules in the saliva (Brand et al., 2014). The present 
review focuses on the biology of soft tissue repair in 
the context of the gingival epithelium role in wound 
healing and attachment to the tooth and abutment 
surface.

Biology of the gingiva
The gingiva consists of an outer, stratified squamous 
epithelium in direct contact with an underlying, 
dense connective tissue called the lamina propria, 
which contains blood vessels, structural fibres, 
nerves, fibroblasts and other cell types (Winning 
and Townsend, 2000). The epithelium of the free 
gingiva (coronal to the cementoenamel junction) is 
composed of: (i) oral epithelium, which faces the 
oral cavity (this comprises the free gingiva and the 
attached gingiva); (ii) oral sulcular epithelium, which 
faces the tooth, but does not contact it; (iii) junctional 
epithelium, which contacts the enamel of the tooth 
(Fig. 1, Table 1 and Table 2) (Bosshardt and Lang, 
2005; Gibbs and Ponec, 2000; Jiang et al., 2014; Lang 
and Lindhe, 2015; Larjava et al., 2011a; Presland and 
Dale, 2000; Vriens et al., 2008). The different types 
of gingival epithelia differ from one another in their 

function and, therefore, in some of their histological 
characteristics. The keratinised oral epithelium 
is adapted to its masticatory function. Resistance 
to mechanical injury is facilitated predominantly 
by i) abundant intercellular junctions, mostly 
desmosomes, that hold the cells tightly together, ii) 
undulations in the epithelium and connective tissue 
(rete ridges), iii) stratum corneum. The stratum corneum 
and the relatively narrow intercellular spaces also 
contribute to the low permeability as compared to 
the non-keratinised lining mucosa of the junctional 
and sulcular epithelium (Presland and Jurevic, 2002; 
Winning and Townsend, 2000). The gingival margin 
is the transition epithelium between the keratinised 
oral and the non-keratinised sulcular epithelium (Fig. 
1). The sulcular epithelium lines the sulcus, which is 
the space between the gingiva and the enamel surface 
of the tooth. Continuing from the sulcular epithelium 
is the very thin non-keratinised junctional epithelium, 
which attaches through the internal basal lamina to 
the enamel of the tooth. Therefore, the junctional 
epithelium plays an extremely important role, not 
only in attaching the tooth to the surrounding soft 
tissues but also in forming a tight biological seal, with 
accompanying barrier properties, against microbial 
colonisation. Crevicular fluid, which contains many 
wound healing and anti-microbial molecules, is 
continuously secreted from the junctional and 
sulcular epithelium into the sulcus (Lang and Lindhe, 
2015; Winning and Townsend, 2000).
	 On a molecular level, the different types of 
epithelia can be distinguished by their very specific 

Fig. 1. Gingiva histology and keratin 
expression. (a) Gingiva histology and 
attachment to the tooth surface. (b) 
Differential keratin expression in gingival 
and junctional epithelium adjacent to 
tooth (left) and abutment surface (right) 
is illustrated.
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keratin expression profiles (Fig. 1, Table 2) (Gibbs 
and Ponec, 2000; Jiang et al., 2014; Presland and Dale, 
2000; Vriens et al., 2008). For all types of epithelia, 
cell division takes place in the stratum basale (Gibbs 
and Ponec, 2000). After dividing, committed cells 
undergo a differentiation process that leads to 
expression of structural keratin proteins and loss 
of intracellular organelles as cells move upwards, 
begin to flatten and, eventually, are sloughed off the 
surface (Presland and Jurevic, 2002). Whereas (ortho-)
keratinised masticatory mucosae lose their nuclei, 
non-keratinised (or para-keratinised) lining mucosae 
retain their nuclei (Lang and Lindhe, 2015).

Junctional epithelium attachment to the tooth: a 
biological seal preventing infection
The non-keratinised junctional epithelium firmly 
attaches the gingiva to the enamel of the tooth. This 
biological seal forms a barrier against pathogens 
whilst still enabling diffusion of molecules. In a 
healthy situation, it averages approximately 2 mm 
in height. The junctional epithelium tapers off in 
the apical direction ranging from 15-30 cell-layers 
coronally to 1-3 cell-layers apically. It is connected 
to the underlying lamina propria through the external 
basal lamina and to the tooth through the internal 
basal lamina, both through hemi-desmosomes 
(Larjava et al., 2011a). The external basal lamina is 
composed of typical basement membrane proteins, 
such as collagens IV and VII, laminins, heparin 
sulphate proteoglycans, perlecans and nidogen, 
whereas the internal basal lamina has different 

features. For example, it lacks collagens IV and VII, 
most laminin isoforms (except for laminin 5), perlecan 
and lamina fibroreticularis (Bosshardt and Lang, 2005). 
Therefore, the two different surfaces of the junctional 
epithelium can be easily distinguished from each 
other by immunohistochemical staining. Notably, 
the junctional epithelial cells are interconnected 
by relatively few desmosomes and gap junctions 
so that the fluid-filled intercellular spaces formed 
within are wider as compared to those within the 
oral gingiva and sulcular epithelium. These features 
account for the high permeability of the junctional 
epithelium and permit a variety of mononuclear 
leukocytes (neutrophils, macrophages, lymphocytes 
and antigen-presenting cells) to fill these intercellular 
spaces. The intercellular spaces also provide a 
pathway for migration of many leukocytes into 
the crevicular fluid (Bosshardt and Lang, 2005). 
Whereas a lot of attention has been paid to optimal 
osseointegration and connective tissue attachment 
to implant materials and abutments, very little is 
known about the importance of optimal function 
and attachment of the junctional epithelium to these 
materials (Hammerle et al., 2012; Hammerle et al., 
2014; Salvi et al., 2015; Sculean et al., 2014).

Wound healing after tooth extraction

Soft-tissue healing of oral wounds after tooth extraction 
follows a similar pattern of healing to skin wounds 
and both involve the following phases: haemostasis, 

Table 1. Histological characteristics of skin and oral mucosa epithelia. ++: abundant; +: present; −: absent; 
+/−: intermediate; ?: not known; empty: not applicable. References in main text (Bosshardt and Lang, 2005; 
Gibbs and Ponec, 2000; Jiang et al., 2014; Larjava et al., 2011a; Presland and Dale, 2000; Presland and Jurevic, 
2002; Vriens et al., 2008).

Skin

Outer 
gingiva 

epithelium
Gingiva 
margin

Sulcular 
epithelium

Junctional 
epithelium

Peri-implant 
epithelium

Micro-environment air saliva saliva crevicular 
fluid tooth implant

Epithelium 
characteristics

Ortho-keratinsed + + +/- - - -

Para-keratinised - - +/- + + +

Rete ridges + ++ + - - -

Number of epithelium 
cell layers 5-8 20-30 20-30 15-30 1-30 ?

Number of coronal 
cell layers 15-30 ?

Number of apical cell 
layers 1-3 ?

Turnover (d) 25-40 10-12 ± 6 ? 1-6 ?
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Table 2. Expression of epithelium-related proteins and basement membrane proteins in skin and oral 
mucosa. BL: basal layer; SB: suprabasal; SSU: upper spinous layer; SG: stratum granulosum; BM: basement 
membrane; +: present; −: absent; ?: not known; empty: not applicable. References in main text (Bosshardt 
and Lang, 2005; Gibbs and Ponec, 2000; Jiang et al., 2014; Larjava et al., 2011a; Presland and Dale, 2000; 
Presland and Jurevic, 2002; Vriens et al., 2008).

Skin

Outer 
gingiva 

epithelium
Gingiva 
margin

Sulcular 
epithelium

Junctional 
epithelium

Peri-
implant 

epithelium
Epithelial differentiation 

proteins

Keratin 1 and 10 SB SSU, SG + - - ?

Keratin 2(e and p) K2e, SB K2p, SB ? ? ? ?

Keratin 4 - SB SB + - ?

Keratin 5 and 14 BL BL + + + ?

Keratin 6 - SSU, SG + + ? ?

Keratin 8 and 18 - - - - + ?

Keratin 13 - SB + + + ?

Keratin 16 - SB SB + +

Keratin 17 - SSU, SG + + + ?

Keratin 19 ? - - + + ?

Involucrin SG SSU, SG ? ? ? ?

Loricrin SG SSU, SG ? ? ? ?

SKALP/elafin SG SSU, SG ? ? ? ?

Basement membrane 
proteins + + + + + +

External BM (adjacent to 
lamina propria) + + + + + +

Collagen IV and VII, 
perlecan + + + ? + ?

Laminin 5 + + + + + ?

Epithelial attachment 
through hemi-desmosomes + + + ? + +

Internal BM (adjacent to 
tooth / implant) - - - - + ?

Collagen IV and VII, laminin 
1, perlecan ? - ?

Laminin 5 ? + ?

Epithelial attachment 
through hemi-desmosomes + + ?
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fibroblasts (Buskermolen et al., 2017; Kroeze et al., 
2012). Taken together, these data suggest that oral 
mucosa epithelium is intrinsically primed to repair 
through different mechanisms from that observed 
in skin, but the large number of epithelial cell layers 
characteristic of many types of oral mucosa subject 
to extreme mechanical load and pathogen exposure 
is most probably regulated by extrinsic factors in the 
microenvironment. Indeed, Shang et al. (2018) have 
recently shown that commensal oral biofilm has a 
beneficial influence on oral mucosa barrier function 
by increasing keratinocyte proliferation, stratification 
and expression of host-defence proteins.

Saliva and crevicular fluid
A major contributor to oral mucosa wound healing is 
the presence of saliva in the oral cavity and crevicular 
fluid in the sulcus (Amerongen and Veerman, 2002; 
Ashcroft et al., 2000; Bosshardt et al., 2015; Brand 
et al., 2014; Dawes et al., 2015; Ghosh et al., 2011; 
Henskens et al., 1996; Koczulla et al., 2003; Playford 
and Macdonald, 1997; Prodan et al., 2015). In addition 
to its lubricating function, saliva contains a rich 
cocktail of proteins (>  1,000  proteins) functioning 
synergistically to promote cell division, enhance cell 
migration and, importantly, provide anti-microbial 
activity supporting an healthy oral microflora (Brand 
et al., 2014). For example, saliva’s defensins, LL37, 
histatins, immunoglobulins A and mucins protect 
against the formation of a pathogenic microbiome, 
whereas cytokines, chemokines and growth factors 
directly enhance wound closure. Also, histatins, a 
class of histidine-rich peptides with anti-microbial 
and anti-fungal properties, are present in the saliva, 
albeit only in the saliva secreted by humans and 
some non-human primates (Oppenheim et al., 1988; 
Padovan et al., 2010). By regulating the wound healing 
response, immune response and microbiota, saliva 
may possibly contribute to the almost scar-free 
healing in the oral cavity, although further conclusive 
studies are still required (Boink et al., 2017; Brand et 
al., 2014; Iglesias-Bartolome et al., 2018; Mohanty et 
al., 2015; Oudhoff et al., 2008).The wound healing 

inflammation, cell proliferation, extracellular matrix 
deposition and matrix remodelling. Therefore, the 
extensive information available on skin wound 
healing is often used to increase the insight into oral 
wound healing (Engeland et al., 2006; Glim et al., 2013; 
Larjava et al., 2011b; Sculean et al., 2014). However, 
clear differences exist between oral and skin wound 
healing. Despite the fact that oral mucosa has a warm 
moist environment ideal for bacterial growth, healing 
of the oral mucosa is superior to that of skin: wounds 
heal faster, rarely become infected and rarely form 
adverse scars (Amerongen and Veerman, 2002; Glim 
et al., 2013; Sculean et al., 2014). These differences 
between skin and mucosa may be explained by i) 
different intrinsic properties of the cells within the 
skin and oral mucosa (e.g. keratinocytes, fibroblasts, 
different state of immunity); ii) environmental factors 
(e.g. saliva, crevicular fluid, moisture, temperature); 
iii) commensal and pathogenic biofilm. Additionally, 
the better blood microcirculation in the oral mucosa, 
enhancing nutrient and inflammatory cell access to 
the wound site, is considered to be beneficial for 
wound healing. Both intrinsic properties of the cells 
within the oral mucosa as well as interactions with 
the surrounding tissue environment and immune 
system have been identified, which might in part 
explain the superior oral wound healing (Barrientos 
et al., 2008; Boink et al., 2016; Boink et al., 2018; Chen 
et al., 2010; Feller et al., 2013; Glim et al., 2013; Iglesias-
Bartolome et al., 2018; Kosten et al., 2015; Kosten 
et al., 2017; Larjava et al., 2011a; Szpaderska et al., 
2005; Szpaderska et al., 2003). Kroeze et al. (2012) 
identified an autocrine feedback loop regulating re-
epithelialisation through chemokine receptors CCR1, 
CCR10, CXCR1, CXCR2 and CXCR3 after wounding 
of the epidermis. It has yet to be determined whether 
the same cellular mechanisms are involved in re-
epithelialisation of the gingiva. Interestingly, the 
autocrine feedback loops regulating skin and gingival 
fibroblast proliferation and migration are different, 
with CCR3 and CCR4 being predominant in the 
gingiva and CCR5 being predominant in the skin. 
Notably, CCR5 is not expressed by cultured gingival 

Fig. 2. Material characteristics under 
investigation. A representative 
abutment and implant system are 
shown. 
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Fig. 3. Reconstructed human gingiva 
model (RHG), consisting of stratified 
epithelium on a fibroblast-populated 
hydrogel, for investigating abutment-
soft tissue interactions. An anodised 
titanium abutment inserted into an 
RHG, which is cultured exposed 
to the air on a porous Transwell 
membrane for 10  d. (a) Scheme 
showing experimental design. (b) 
Left shows macroscopic view of 
20  mm diameter Transwell culture 
system at time of RHG harvest; centre 
and right show histomorphometric 
tissue-abutment section with down-
growing epithelium attachment to 
abutment surface (scale bar = 500 µm). 
(c-f) Haematoxylin and eosin staining 
(H/E) and immunohistochemical 
analysis of down-growing RHG 
epithelium in the absence of an 
abutment (−  abutment) or adjacent 
to the abutment surface (+ abutment; 
abutment is gently removed before 
tissue fixation). H/E shows a stratified 
and cornified gingiva epithelium to 
the left of the arrow. Down-growing 
epithelium can be observed to the 
right of the arrow. Ki67: proliferating 
keratinocytes; laminin 5 and collagen 
IV (Col VI): basement membrane 
proteins (red immune-staining). 
Black box is represented by higher 
magnification image below; scale bar 
= 100 µm. For full experimental details 
see Roffel et al. (2019). Unpublished 
data and data derived from Roffel et 
al. (2019) are shown.
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properties of saliva were already acknowledged by 
the ancient Greeks 2000 years ago, when they applied 
snake saliva to open wounds to enhance cutaneous 
wound healing (Angeletti et al., 1992). Furthermore, 
modern research has shown that snake saliva contains 
a rich source of substances such as epidermal growth 
factors. Also, rats allowed to lick burn wounds show 
enhanced wound healing as compared to controls 
(Bodner and Dayan, 1995; Bodner et al., 1993; Jahovic 
et al., 2004), indicating that saliva is not only beneficial 
to the oral mucosa but also for skin healing. Saliva 
also creates a moist wound healing environment 
that reduces wound surface necrosis, prevents 
wound desiccation, activates enzymes needed for 
debridement and stimulates cell proliferation and 
migration (Kannon and Garrett, 1995). In contrast, 
under dry mouth conditions, pre-clinical evidence 
shows that oral wound healing is slower in a rat 
model with salivary gland hypofunction (Dayan et 
al., 1992). Direct clinical evidence is scarce, as salivary 
hypofunction is often linked to older age (where age 
itself influences wound healing) and/or medicine side 
effects. The Sjogren’s syndrome is an autoimmune 
disease with additional symptoms of a dry mouth. 
Consequently, it is not conclusive whether the 
impaired wound healing is a direct result of dryness 
or due to the immune system malfunction (Khan and 
Shirlaw, 2016).
	 The gingival sulcus is bathed in crevicular fluid, 
a serum exudate originating from the periodontal 
sulcus, which contains all the key molecular 
(cytokines, antibodies and complement proteins) and 
cellular (e.g. plasma cells, leukocytes) components 
necessary for invoking an immune response and 
preventing tissue invasion by microbes (Barros et al., 
2016; Faot et al., 2015). Furthermore, it contains many 
wound healing mediators such as growth factors, 
cytokines and tissue remodelling factors, e.g. matrix 
metalloproteinases (Barros et al., 2016). Therefore, in 
many aspects, the crevicular fluid resembles a variant 
of saliva that has more potent wound healing and 
tissue defence properties.

Biofilm
Oral health is mediated by an intricate balance 
between commensal and (opportunistic) pathogenic 
biofilm, tightly regulated by the composition of 
human saliva and other host (immune) factors. An 
imbalance can result in a negative dysbiosis (Janus 
et al., 2015; Krom and Oskam, 2014; Schlecht et 
al., 2015; Zaura et al., 2014). Oral wounds provide 
viable niches for microbial biofilms and, due to their 
open access to the external environment, microbial 
colonisation is inevitable. The effect of the microbial 
ecology on oral wound healing seems obvious; yet, 
it is still poorly understood. While some commensal 
bacteria can cause infections, in general these biofilms 
display low levels of virulence (low morbidity) and 
occupy a space that otherwise would be occupied by 
pathogenic bacteria. How they affect wound healing 
is presently unclear. However, it can be expected that 

there is an intimate crosstalk between the microbiota 
and residential cells as well as infiltrating immune 
cells, which together determine the rate and quality 
of wound healing (Ellebrecht et al., 2016; Srinivas et al., 
2013; Trengove et al., 1996). Buskermolen et al. (2018), 
when comparing oral commensal and pathogenic 
biofilms, observed that the pathogenic biofilm 
supresses the innate immune response (inflammatory 
cytokine release), suggesting that an early immune 
evasion is taking place in the organotypic gingival 
mucosa tissue equivalents. Furthermore, Shang et 
al. (2018), using gingival tissue equivalents, showed 
that a commensal multi-species oral biofilm promotes 
an organised epithelial stratification and oral 
barrier function by increasing epithelial cell layers’ 
number, cell proliferation and expression of host 
anti-microbial protein expression [elafin, human beta 
defensin (HBD) 2 and HBD3).

Peri-implant healing and junctional epithelium 
attachment to abutment surface

Peri-implant soft and hard tissues form as a result 
of wound healing, with attachment and maturation 
of the soft tissues to the abutment being established 
6-8  weeks after surgery (Salvi et al., 2015). Peri-
implant wound healing has essential differences 
from wound healing after tooth extraction, since 
optimal restoration of the biological seal around 
the abutment and osseointegration of the implant 
needs to be achieved rather than wound closure 
alone (Sculean et al., 2014). Onset and resolution 
of inflammation during the inflammatory phase of 
wound healing together with soft tissue attachment 
are essential to avoid peri-implantitis and achieve 
long-term implant success (Tomasi et al., 2016). For 
similar reasons to those described earlier, saliva and 
biofilm are expected to influence rate and quality of 
wound healing. Bielemann et al. (2018) extensively 
reviewed wound healing biomarkers detected in 
peri-implant crevicular fluid up to 16  weeks after 
placing the implant. This peri-implant crevicular 
fluid contains many molecules involved in bone 
remodelling [e.g. bone morphogenetic proteins 
(BMPs), receptor activator of nuclear factor kappa-Β 
ligand (RANKL), alkaline phosphatase (ALP), etc.] 
as well as inflammatory cytokines [e.g. interleukin 
(IL)-6, IL-8, tumour necrosis factor alpha (TNF-α), 
monocyte chemoattractant protein 1 (MCP-1), etc.]. 
Furthermore, Tomasi et al. (2016) described the 
resolution of inflammatory cells (macrophages and 
polymorphonuclear cells) within human connective 
tissue adjacent to the abutment surface, during an 
8-week study period.
	 New implant materials developed to promote 
osseointegration have received a lot of attention. 
Recently, the focus has extended towards the 
development of abutment materials supporting 
gingival soft tissue attachment, since it is now 
recognised that a functional biological seal is essential 
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Fig. 4. RHG shows differential epithelial protein expression. An anodised titanium abutment inserted 
into an RHG, which is further cultured exposed to the air on a porous Transwell membrane for 10 d. 
When the abutment is inserted into the model (+ abutment), the down-growing epithelium adjacent to 
titanium abutment surface adapts its phenotype to resemble a gingival margin, sulcular and junctional 
epithelium (right of arrow) and differentially expresses the associated physiological epithelial proteins (see 
K4, K14, K19, loricrin) (compare with Table 1 and Table 2). Furthermore, in the absence of the abutment 
(− abutment), epithelium retains K4 and K13 expression which is lost in RHG with abutment. Red = immune 
staining; scale bar = 100 µm. For full experimental details see Roffel et al. (2019). Unpublished data and 
data derived from Roffel et al. (2019) are shown.
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for preventing microbial colonisation (Rompen et al., 
2006). Microbial colonisation impairs initial wound 
healing and may lead to chronic inflammation, bone 
resorption and implant failure (Hickok et al., 2018). 
Many studies have described the relationship between 
biofilm and peri-implant disease and investigated the 
physical-chemical properties of abutment materials 
with regards to implant success or failure (de Avila 
et al., 2014). Individuals with periodontal disease 
typically have many pathogenic microorganisms in 
the periodontal pocket. These remaining bacteria can 
adhere to the newly placed abutment and implant 
surfaces, eventually inducing peri-implant mucositis 
and progression to peri-implantitis, with destruction 
of the marginal bone close to the implant threads, and 
often causing subsequent implant loss. Therefore, it 
is clinically relevant to develop new material surfaces 
which will reduce or inhibit adhesion of pathogenic 
microorganisms (de Avila et al., 2014).
	 Soft tissue (epithelium and connective tissue) 
around dental abutments is elongated as compared to 
healthy gingiva around the tooth and this is thought 
to be due to a longer junctional epithelium, which 
contains fewer hemi-desmosomes (Iglhaut et al., 
2014; Parpaiola et al., 2015; Sculean et al., 2014). Once 
the abutment has been placed, the oral epithelium 
rapidly migrates over the fibrin clot and contacts 
the abutment surface. As it migrates downwards 
parallel to the abutment surface, it phenotypically 
changes into a junctional epithelium (also known as 
peri-implant epithelium) and, depending on whether 
the properties of the abutment surface permit, the 
epithelium will attach to it. The downward migration 
of the junctional epithelium stops when it reaches the 
connective tissue (Rompen et al., 2006). In contrast to 
the perpendicular collagen fibres of Sharpey, which 
attach to the cementum of the tooth, the collagen fibre 
bundles run parallel to the abutment surface and may 
eventually surround the abutment. This resulting scar-
like tissue has fewer fibroblasts and less vasculature 
than the connective tissue directly adjacent to the 
tooth (Schierano et al., 2002; Sculean et al., 2014). 
These important differences result in the abutment 
being less strongly attached to the connective tissue 
than the tooth. Consequently, mechanical load can 
cause shearing from the abutment surface, which in 
turn can lead to the junctional epithelium penetrating 
too in depth, reducing the area of connective tissue 
attachment and causing bone resorption (Rompen 
et al., 2006). Therefore, it is a key subject for research 
to develop surfaces that would enable junctional 
epithelium attachment to the abutment through an 
internal basal lamina and hemi-desmosomes whilst, 
simultaneously, allowing perpendicular collagen 
fibre bundle attachment to the abutment surface 
in order to prevent the junctional epithelium from 
migrating too in depth. Such a configuration would 
most closely resemble soft tissue attachment to the 
tooth. Consequently, increased attention is being 
paid to material characteristics such as surface 
chemistry, surface topography, micro-grooved 

surfaces, abutment macro- and micro-designs 
(Iglhaut et al., 2014), wettability (Gittens et al., 2014) 
and presence of biologically active proteins (Ma et 
al., 2012; Sugawara et al., 2016; van Dijk et al., 2017), 
which are all thought to influence the attachment of 
the junctional epithelium and connective tissue to the 
abutment surface.
	 An extensive evidence-based review by Linkevicius 
and Apse (2008) describes clinical and animal 
studies in which biological soft tissue width around 
abutments is assessed. The biological width is defined 
as the distance between the gingival margin and the 
alveolar bone and is approximately 2 mm. Formation 
of the biological width and maturation of barrier 
function around the transmucosal abutment requires 
6-8  weeks of healing (Sculean et al., 2014). It was 
concluded from the analysis of the included 2 clinical 
studies, 8 human histology studies and 4 animal 
studies (monkeys and dogs),published between 1980 
and 2007, that information is predominantly animal-
based and that there is insufficient information 
obtained from clinical controlled human studies. 
Histologically, biological width, consisting of sulcular 
and junctional epithelium with underlying connective 
tissue, is described in only 10 studies. Morphological 
high magnification details (e.g. transmission electron 
microscopy), showing the quality of epithelial 
attachment to the abutment surface e.g. through 
hemi-desmosome-like structures and internal 
basement membrane, are either not described or the 
studies have insufficient numbers of test subjects to 
be conclusive. Such important epithelial attachment 
details are required in order to assess whether a 
true biological seal occurs as opposed to when the 
epithelium simply migrates down the tissue surface 
adjacent to the abutment. The results from a limited 
number of studies are described below.

Influence of abutment material surface features 
on cell and soft tissue attachment
Previous studies have indicated that surface 
chemistry plays a major role in tissue-material 
interactions (Gasik, 2017). Chemical surface 
modifications of dental abutments to improve soft 
tissue attachment have recently emerged (Iglhaut 
et al., 2014). An overview of material characteristics 
under investigation is shown in Fig. 2. Among these 
modifications, techniques to tailor abutment surface 
wettability commonly quantified by contact angle 
have gained a lot of attention. The wettability of 
the surface can affect not only protein deposition 
and conformation but also, consequently, cell 
attachment and spreading (Gittens et al., 2014). While 
surface wettability depends on the surface chemical 
composition and structure, protein adsorption is only 
influenced by the surface hydrophilicity, correlating 
with the polarity of the surface functional groups (Liu 
et al., 2007). In general, the more hydrophilic a surface 
is the more proteins and other macromolecules attach 
to the surface (also called surface conditioning). 
Several in vitro studies have indicated that stronger 
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hydrophilicity achieved by coating the titanium 
surface with more positively charged molecules, such 
as silver, can reduce bacterial adhesion (Lorenzetti 
et al., 2015). Oxygen plasma treatment of a surface 
to remove most of its contaminants can improve 
attachment and proliferation of human gingival 
fibroblasts (Lee et al., 2015).
	 Nanoporous titanium dioxide (TiO2) surface 
modification, commonly used for dental implant 
systems, modifies not only the chemistry but also the 
pore structure and nanoscale topography of a surface 
(Jokinen et al., 1998; Macak et al., 2007). In vitro and 
clinical studies have reported beneficial effects of a 
TiO2 layer in soft tissue attachment. Dorkhan et al. 
(2014) showed in vitro that it is possible to reduce 
bacterial adherence to a nanoporous TiO2 surface, 
with a pore size below 50 nm and a thickness below 
185 nm, modified by anodic oxidation. Demetrescu 
et al. (2010) used anodised titanium discs to create 
120 nm-diameter nanotubes and increase the surface 
hydrophilicity. Gingival fibroblasts showed a slightly 
higher proliferation and adhesion rate on the samples 
with hydrophilic TiO2 nanotube surfaces as compared 
with non-anodised titanium surfaces. Similarly, 
Kim et al. (2014; 2015) demonstrated that a titanium 
surface treated by anodic oxidation exhibits a higher 
gingival fibroblast attachment as compared with an 
untreated machined surface independently of the 
surface wettability. Examples of animal and clinical 
studies are described in more detail below.
	 Typically, epithelial down-growth on smooth 
titanium surfaces is approximately 2 mm as compared 
to approximately 1.6  mm adjacent to the tooth 
(Berglundh et al., 2007; Iglhaut et al., 2014; Lindhe 
and Berglundh, 1998). Abrahamsson et al. (2002) 
demonstrated in beagle dogs (n = 5) that the soft tissue 
attachment on titanium abutments is not influenced 
by the roughness of the titanium surface, e.g. an 
isotropic structure without any dominating direction 
(smooth) as compared to a strong anisotropy (acid 
etched), i.e. a well-defined orientation of the surface 
structure. However, Nevins et al. (2008; 2010; 2013) 
showed that tapered abutments with consistently 
formed micro-channels organise and promote 
tissue growth. A clinical study by Wennerberg et 
al. (2011) conducted on 15 patients indicated that 
micro-implant titanium surfaces, with a thin nano-
porous TiO2 film obtained by the sol-gel technique as 
compared with machined surfaces, seem to improve 
the gingival contact to the abutment, as evaluated 
by light and transmission electron microscopy, with 
more soft tissue cells and fewer inflammatory cells 
at the interface. This surface modification results in 
a TiO2 layer with a thickness of about 380 nm and 
a pore size below 50 nm (Wennerberg et al., 2011). 
Similar results were obtained by Rossi and colleagues 
in a study with 6 beagle dogs. The authors observed 
a slightly increased soft tissue attachment by coating 
standard titanium implants with a thin film of 
nanoporous sol-gel-derived TiO2. This was concluded 
by assessing the biological width and length of the 

junctional epithelium rather than direct epithelial 
attachment to the abutment surface. A few hemi-
desmosome attachments to the abutment surface 
were observed but whether differences occurred 
between the coated and non-coated abutment was 
not described (Rossi et al., 2008). A 2  mm high 
micro-machined collar was designed to encourage 
bone and connective tissue attachment whilst, at the 
same time, preventing apical down-migration of the 
epithelium. Nevins et al. (2008), in a human study 
(n  =  6), observed epithelial cells and extracellular 
matrix on the surface of removed abutments using 
scanning electron microscopy. Hemi-desmosome 
attachment of the epithelium through a basement 
membrane was not described, most probably due to 
limitations in the resolution of the techniques used to 
assess the tissues (Nevins et al., 2008). Abrahamsson 
et al. (1998), in a dog study (n  =  5), observed that 
pure titanium and ceramic (highly sintered Al2O3) 
performed better than gold or gold alloys fused with 
dental porcelain, with the former showing a larger 
biological width, shorter junctional epithelium, better 
contact with soft tissue, less soft tissue recession and 
less bone resorption. Kohal et al. (2004), in a monkey 
study (n = 6), observed that custom-made zirconia 
abutments show the same peri-implant soft tissue 
dimensions and osseointegration as custom-made 
titanium abutments.
	 Taken together, even though these studies provide 
very important data, comprehensive scientific data on 
epithelial attachment to the abutment surface are still 
missing because, due to cost and ethical reasons, only 
small-scale experiments are performed in animals or 
humans.

Molecular evaluation of soft tissue attachment to 
abutment surface
Since only small-scale experiments can be performed 
in animals and humans, the number of available 
samples for analysis in currently described studies 
is limited (Abrahamsson et al., 2002; Kohal et al., 
2004; Neiva et al., 2016; Nevins et al., 2010; Nevins et 
al., 2008; Rossi et al., 2008; Wennerberg et al., 2011). 
Since the downstream analysis dictates mutually 
exclusive fixation procedures, choices have been 
made with regard to what data are acquired (either 
general histology or ultrastructural features). 
Further technical challenges are associated with the 
sample content: the sample contains both hard and 
soft tissues, which have very different treatment 
and processing requirements. Finally, for standard 
immunohistochemical stainings on tissue sections 
of e.g. basement membrane components and cell 
attachment proteins (e.g. integrins), animal-specific 
antibodies for dogs and monkeys, the two well-
established models for investigating tissue response 
to endosseous implants and abutments, are not 
available.
	 Recent developments in cell culture methodology 
have closed the gap between in vitro and in vivo 
models, allowing in vitro models to be used to 
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obtain useful information on epithelial attachment 
to abutment surfaces. For example, using scanning 
electron microscopy and immunofluorescence 
microscopy with antibodies against vinculin and 
α6β4 integrin, Raisanen et al. (2000) showed in vitro 
that epithelial cells adhere and spread more rapidly 
on metallic surfaces (titanium, Ti6Al4V titanium alloy, 
dental gold alloy) than on ceramic surfaces (dental 
porcelain and aluminium oxide). Well-organised 
focal contacts and pre-hemi-desmosomes were 
found on metallic surfaces, but not on porcelain and 
aluminium oxide (Raisanen et al., 2000). In line with 
these findings, hemidesmosome-like structures and 
extracellular matrix contacts between epithelial cells 
and titanium, gold, hydroxyapatite and carbon apatite 
have been described (Jansen et al., 1985; Kaster et al., 
1990). Since dental research has traditionally focused 
on hard tissue interactions with the tooth or implant, 
until now, most of these methods only explored 
mesenchymal cells and cell lines but not epithelial 
keratinocytes and, therefore, the findings need to be 
interpreted with care since in vivo fibroblasts do not 
directly attach to the abutment surface, in contrast to 
the extracellular matrix and the keratinocytes of the 
junctional epithelium.
	 More recently, organotypic-reconstructed human 
gingiva models have been described for investigating 
epithelial attachment to abutment surfaces (Fig. 3). 
These models typically consist of a differentiated, 
stratified oral epithelium on a fibroblast-populated 
matrix (collagen hydrogel or donor dermis), which 
serves as the lamina propria (Buskermolen et al., 
2016; Moharamzadeh et al., 2007; Moharamzadeh et 
al., 2012). Keratinocytes and fibroblasts are derived 
from primary tissue sources or cell lines, the latter 
of which greatly increases scalability of experiments 
(Buskermolen et al., 2016). Due to the 3D structure, 
the model can be used for the evaluation of soft tissue 
attachment to different abutment surfaces at the 
histomorphometric, scanning electron microscope 
and immunohistochemical level (unpublished 
data, Fig. 3 and Fig. 4; Chai et al., 2010; Roffel et 
al., 2019). Similar histomorphometric criteria to 
those used in animal and clinical studies could be 
used to assess sulcus depth, junctional epithelium 
length and gingiva height (Roffel et al., 2019). 
Notably, when an abutment is inserted into the 
model, the down-growing epithelium adjacent to 
titanium abutment surfaces adapts its phenotype to 
resemble a gingival margin, sulcular and junctional 
epithelium and differentially expresses the associated 
physiological epithelial proteins (keratins: K4, K6, 
K13, K14, K19; loricrin) as well as internal and 
external basement membrane proteins (collagen 
IV, laminin 5) (unpublished data; Roffel et al., 2019) 
(compare Fig. 3 and Fig. 4 with Table 1 and Table 2). 
Moreover, the down-growing epithelium adjacent 
to the abutment surface resembles more closely 
junctional epithelium than epithelium formed 
during gingival epithelium wound healing as seen 
by the differential expression of K4 and K13, which 

are absent in junctional epithelium as compared 
to cultures where no abutment is placed (Fig. 4) 
(unpublished data). The value of this model is 
further emphasised by recent pre-clinical and clinical 
studies in which the same two abutment surfaces (a 
nanostructured anodised surface and a machined 
titanium abutment) were compared in a randomised, 
controlled clinical study (n = 35; 2 different abutments/
implants per patient; 2 years follow-up), a Yucatan 
mini-pig study (n  =  12; 3 abutments/implants 
of same sort per pig; 13  weeks follow-up) and a 
study using the organotypic-reconstructed human 
gingiva (3 independent experiments each with 44 
gingiva cultures per batch; 10 day follow-up) (Hall 
et al., 2019; Roffel et al., 2019; Susin et al., 2019). Very 
complimentary results were obtained among these 
studies. Both the reconstructed human gingiva and 
the mini-pig studies concluded that no difference 
between the abutment surfaces is observed with 
regards to the junctional epithelium attachment to the 
abutment surface (epithelium length, mucosa height). 
The clinical study showed that the anodised and 
nanostructured surface results in a higher keratinised 
gingiva than the conventional machined titanium 
surface. Another study using reconstructed human 
gingiva investigated the quality of the biological seal 
of four different Ti surfaces [polished, machined, 
sandblasted and anodised (TiUnite)] by determining 
the permeability to tritiated water (Chai et al., 2012). 
In the future, it may be possible to investigate 
the quality of the biological seal after exposure to 
commensal and pathogenic multi-species biofilm to 
further increase the physiological relevance of the 
model (Buskermolen et al., 2018; Shang et al., 2018). 
Taken together, organotypic culture models can 
exhibit features representative of human oral mucosa 
epithelium attachment to an abutment surface and 
may provide a novel preclinical means to investigate 
different abutment surfaces in the future.

Conclusions and future perspectives

Previous research on implant and abutment 
development has been directed mainly towards 
achieving optimal implant embedment into bone. 
Fewer studies have described soft tissue attachment 
to the abutment surface. Most studies evaluating 
soft tissue attachment focus on connective tissue 
attachment, with only few studies describing 
epithelial attachment. Epithelial attachment to the 
abutment surface is necessary to form the biological 
seal preventing pathogens from penetrating the 
underlying soft tissues and bone. Further research 
needs to focus on the material physical and chemical 
properties to enhance epithelial attachment. Since 
animal studies are extremely limited due to ethical 
considerations and costs as well as lack of tools 
and techniques, only a few animals are included in 
current studies with limited read-out parameters. 
No detailed studies reporting the extent of junctional 
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epithelium attachment e.g. hemi-desmosomes, 
epithelium quality, composition of the external 
basement membrane or ability of the epithelium 
to resist microbial penetration and colonisation are 
available. While in vitro studies generally involve 
relatively simple 2D culture models, they lack the 
complexity required to draw relevant conclusions. 
Human organotypic gingiva 3D in vitro models may 
overcome some of these restrictions and, therefore, 
open new opportunities for research.
	 In the future, more research regarding the 
interaction of soft tissue and abutments using models 
ranging from human organotypic 3D in vitro models 
to clinical cases may help us to better understand the 
relevant parameters involved in these interactions.
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Discussion with Reviewers

Piefrancesco Pagella: What do you think would be a 
game-changer for epithelial adhesion/seal? Material 

properties, directing epithelial cells to specific fates/
behaviours?
Authors: Indeed, the game-changer would be to 
develop material properties which direct epithelial 
cells to specific fates e.g. strong attachment to the 
abutment surface.

Editor’s note: The Scientific Editor responsible for 
this paper was Thimios Mitsiadis.


