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Abstract 

The long-term success of dental implants is not solely dependent on osseointegraKon but 
also criKcally relies on the formaKon of a stable, bacteria-resistant soM Kssue barrier known 
as the perimucosal seal. This seal, formed by the gingival Kssues around the bio-inert im-
plant's transmucosal component, prevents microbial invasion and subsequent inflammaKon 
that can lead to peri-implanKKs and implant failure. Nanotechnology offers a paradigm shiM, 
enabling the design of "bio-instrucKve" surfaces that can acKvely guide the behavior of gin-
gival fibroblasts and epithelial cells to establish a superior biological barrier. A comprehensive 
literature search was conducted across PubMed, Scopus, and Web of Science for studies pub-
lished between 2010 and 2025. The PRISMA-ScR guidelines were followed. The search strat-
egy employed keywords. Studies were included if they invesKgated nanotechnological mod-
ificaKons of implant surfaces (primarily Ktanium) and evaluated biological outcomes related 
to gingival cell adhesion, proliferaKon, orientaKon, and barrier funcKon. The literature map-
ping revealed three primary nanotechnological strategies aimed at enhancing soM Kssue in-
tegraKon: (1) Nanotopographical ModificaKon, uKlizing features like nanogrooves, nanopits, 
and nanotubes to provide physical cues for "contact guidance," which directs the alignment 
and elongaKon of gingival fibroblasts, mimicking the natural collagen fiber orientaKon. (2) 
Surface BiofuncKonalizaKon, involving the nanocoaKng of surfaces with biomimeKc mole-
cules such as fibronecKn, laminin, or specific cell-adhesive pepKdes (e.g., RGD, YIGSR) to ac-
celerate and strengthen cell aaachment via specific integrin-mediated binding. (3) CreaKon 
of MulKfuncKonal Surfaces, which combine pro-integraKve topographies or chemistries with 
anKbacterial agents (e.g., silver or zinc oxide nanoparKcles) to create a surface that exhibits 
"selecKve bioacKvity" simultaneously promoKng host Kssue healing while prevenKng bacte-
rial colonizaKon at the criKcal implant-gingiva interface. Nanotechnology provides a powerful 
and precise pladorm for engineering the next generaKon of dental implant collars with en-
hanced biological funcKonality. By creaKng surfaces that acKvely direct soM Kssue healing, it 
is possible to accelerate the formaKon of a robust and resilient perimucosal seal. While in-
vitro evidence is strong, significant research gaps remain, parKcularly the need for in-vivo 
models that can accurately assess the long-term stability and funcKon of this engineered seal. 
Future research should focus on developing mulKfuncKonal, gradient surfaces and translat-
ing these promising laboratory findings into clinical soluKons for prevenKng peri-implant dis-
ease. 
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Introduc)on 
The advent of osseointegrated dental implants 
has revoluKonized restoraKve denKstry, 
providing a predictable and durable soluKon 
for tooth replacement with success rates ex-
ceeding 95% over 10 years [1]. The founda-
Konal principle for this success is osseointegra-
Kon the direct structural and funcKonal con-
necKon between living bone and the implant 
surface [2]. Consequently, decades of research 
have focused on modifying the endosseous 
porKon of the implant to accelerate and en-
hance this bone-implant interface, primarily 
through micro and nanoscale texturing.	
However, long-term implant stability is a tale 
of two interfaces: the bone-implant interface 
deep within the jaw, and the equally criKcal 
soM Kssue-implant interface where the implant 
emerges into the oral cavity. This transmucosal 
zone is where the implant is most vulnerable. 
In a natural tooth, the dentogingival juncKon 
provides a highly specialized biological seal, 
comprising juncKonal epithelium and connec-
Kve Kssue fibers that insert into the cemen-
tum, forming a formidable barrier against the 
pathogenic biofilm of the oral cavity [3]. Dental 
implants lack this natural ligamentous aaach-
ment, making them inherently more suscepK-
ble to bacterial invasion along the implant sur-
face [10]. 
The establishment of a stable, healthy soM Ks-
sue cuff around the implant neck, known as the 
perimucosal seal, is therefore paramount for 
prevenKng peri-implant diseases [4]. This seal 
serves as the first line of defence, isolaKng the 
underlying bone from oral pathogens. Failure 
of this seal allows bacteria to colonize the im-
plant surface, leading to inflammaKon of the 
surrounding soM Kssues (peri-implant mucosi-
Ks), which, if leM untreated, can progress to 
peri-implanKKs a destrucKve inflammatory 
process characterized by progressive bone loss 
and potenKal implant failure [5]. 
TradiKonally, the transmucosal component (or 
collar) of dental implants is machined to be 
smooth or minimally roughened. The raKonale 
is that a smooth surface is less prone to plaque 
accumulaKon and easier to clean [6]. However, 
this bio-inert approach is passive; it does not 
acKvely promote the adhesion, proliferaKon, 
and organizaKon of gingival cells. The resulKng 
seal is oMen more of an adhesion than a true, 
integrated barrier, leaving it suscepKble to 
breakdown [7]. 
This is where nanotechnology offers trans-
formaKve potenKal. By engineering the surface 
of the implant collar at the nanoscale (1-100 
nm), it is possible to create a "bio-instrucKve" 
interface that acKvely communicates with sur-
rounding host cells [8]. Nanoscale topograph-
ical and chemical cues can be designed to 

mimic the natural extracellular matrix (ECM) of 
the gingiva, thereby guiding the behavior of 
key cell types of gingival fibroblasts (which pro-
duce the collagen matrix for connecKve Kssue 
aaachment) and oral keraKnocytes (which 
form the epithelial barrier) to accelerate and 
forKfy the perimucosal seal [9]. 
This scoping review shiMs the focus from the 
well-trodden ground of osseointegraKon to the 
criKcal and comparaKvely under-reviewed 
area of the soM Kssue interface. The objecKve 
is to systemaKcally map the exisKng literature 
on the applicaKon of nanotechnology to engi-
neer the surfaces of dental implant collars, 
with the specific aim of enhancing gingival soM 
Kssue integraKon and creaKng a more robust 
and disease-resistant perimucosal seal.	
	
Materials	and	Methodos	
This scoping review was performed in accord-
ance with the methodological framework out-
lined by Arksey and O’Malley and the reporKng 
guidelines of the PRISMA Extension for Scoping 
Reviews (PRISMA-ScR) [11,12]. 
The central research quesKon for this review 
was: "What is the scope and nature of the ex-
isKng evidence on the use of nanotechnologies 
to modify dental implant surfaces for the spe-
cific purpose of enhancing gingival soM Kssue 
integraKon and establishing a stable perimuco-
sal seal?" 
A systemaKc search was conducted in the elec-
tronic databases of PubMed/MEDLINE, Sco-
pus, and Web of Science for arKcles published 
in English between January 1, 2010, and De-
cember 31, 2025. The search strategy com-
bined keywords and subject headings related 
to dental implants, soM Kssue, and nanotech-
nology using Boolean operators. Key search 
terms included: ("dental implant" OR "Ktanium 
implant") AND ("perimucosal seal" OR "soM Ks-
sue integraKon" OR "gingival aaachment" OR 
"implant collar" OR "transmucosal") AND 
("nanotechnology" OR "nanosurface" OR 
"nanotopography" OR "nanocoaKng" OR "bio-
funcKonalizaKon") AND ("gingival fibroblast" 
OR "oral keraKnocyte"). 
Studies were selected through a two-phase 
screening process (Ktle/abstract followed by 
full-text review).  
Original research arKcles (in-vitro or in-vivo), 
studies invesKgaKng a surface modificaKon at 
the nanoscale (<100 nm features), studies fo-
cused on Ktanium or its alloys, or other rele-
vant implant materials (e.g., zirconia), and 
studies evaluaKng the response of relevant soM 
Kssue cells (gingival fibroblasts, oral keraKno-
cytes) or assessing soM Kssue integraKon in an 
animal model were included. 
Reviews, case reports, opinion arKcles, or con-
ference proceedings, studies focused exclu-
sively on osseointegraKon with no evaluaKon 

of soM Kssue response, studies where surface 
modificaKons were only at the micro-scale 
(>100 nm), and studies not related to dental 
implantology were not selected. 
Data from included studies were extracted us-
ing a standardized form, capturing details on 
the publication, nanomodification technique, 
study design, cell type investigated, key out-
comes related to cell adhesion, proliferation, 
orientation, gene expression, and overall con-
clusions. The extracted data were then charted 
and synthesized thematically based on the pri-
mary nanotechnological strategy employed. 
 
Results	
The synthesis of the included literature re-
vealed three main pathways through which 
nanotechnology is being harnessed to engineer 
the perimucosal seal: (1) controlling cell behav-
iour through nanotopography, (2) promoKng 
cell adhesion through biochemical funcKonali-
zaKon, and (3) designing mulKfuncKonal sur-
faces that combine these effects with anKbac-
terial properKes. 
Nanotopography for guiding soM Kssue cell or-
ganizaKon leverages the principle that cells re-
spond to the physical landscape of their envi-
ronment, a phenomenon known as contact 
guidance. By creaKng precise paaerns at the 
nanoscale, it is possible to direct the alignment 
and morphology of gingival cells. 
A significant body of research has demon-
strated that gingival fibroblasts, the cells re-
sponsible for producing the collagen-rich con-
necKve Kssue, are exquisitely sensiKve to 
aligned nanotopography. When cultured on 
surfaces with parallel nanogrooves (typically 
30-100 nm in depth/width), fibroblasts will 
align and elongate parallel to the grooves [13, 
14]. This is clinically significant because in a 
healthy natural tooth, the gingival connecKve 
Kssue fibers are oriented in a specific, func-
Konal manner (e.g., perpendicular to the tooth 
surface) to create a strong aaachment. Nano-
grooved implant collars could potenKally reca-
pitulate this organized fiber structure, leading 
to a mechanically superior connecKve Kssue 
seal. Studies have shown this alignment also 
enhances the producKon of Type I collagen, the 
primary structural protein of the gingiva [15]. 
While extensively studied for osseointegraKon, 
Ktania nanotubes fabricated by anodizaKon 
have also been evaluated for soM Kssue re-
sponse. InteresKngly, fibroblasts and keraKno-
cytes show a different dimensional preference 
compared to osteoblasts. While smaller diam-
eter tubes (~15-30 nm) are opKmal for osteo-
blasts, studies suggest that fibroblasts and 
keraKnocytes exhibit favourable adhesion and 
proliferaKon on larger diameter nanotubes 
(~70-100 nm) [16]. This raises the intriguing 
possibility of creaKng a gradient 
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nanotopography on an implant, with smaller 
diameters in the endosseous region and larger 
diameters in the transmucosal zone to opK-
mize both bone and soM Kssue integraKon sim-
ultaneously. 
Surfaces created by techniques like acid-etch-
ing can produce disordered nanoscale pits and 
pores. While not providing direcKonal cues like 
nanogrooves, this increased nanoroughness 
enhances the total surface area available for 
protein adsorpKon. The iniKal layer of ad-
sorbed proteins (e.g., fibronecKn, vitronecKn) 
from saliva and crevicular fluid dictates subse-
quent cellular aaachment. Nanostructured 
surfaces have been shown to favourably alter 
the conformaKon of these proteins, exposing 
cell-binding domains and thereby promoKng 
faster and stronger adhesion of both fibro-
blasts and epithelial cells compared to smooth 
surfaces [17]. 
BiofuncKonalizaKon with nanocoaKngs and 
pepKdes involves chemically modifying the im-
plant collar surface by aaaching bioacKve mol-
ecules at the nanoscale to provide specific bio-
chemical signals that promote cell aaachment 
and funcKon. 
The most direct way to mimic the natural Kssue 
environment is to coat the implant surface 
with key ECM proteins. Nanolayers of fibron-
ecKn, laminin, or collagen have been shown to 
significantly accelerate the iniKal aaachment 
and spreading of gingival fibroblasts and 
keraKnocytes [18]. FibronecKn is parKcularly 
effecKve for fibroblast adhesion, while laminin 
(specifically laminin-5) is a crucial component 
of the basement membrane to which epithelial 
cells aaach to form their seal [19]. These nano-
coaKngs provide readily available binding sites 
for cellular integrin receptors, bypassing the 
slower process of cells having to produce their 
own ECM. 
A more robust and specific approach involves 
covalently bonding short, biologically acKve 
pepKde sequences to the implant surface. The 
most studied is the RGD (arginine-glycine-as-
parKc acid) pepKde, a sequence found in fi-
bronecKn that is a primary binding site for 
many integrins [20]. RGD-funcKonalized sur-
faces have consistently demonstrated en-
hanced fibroblast adhesion, spreading, and 
proliferaKon. To achieve greater specificity, re-
searchers are exploring other pepKdes. For in-
stance, the YIGSR pepKde from laminin can be 
used to specifically target epithelial cells, while 
sequences from collagen can be used to target 
fibroblasts [21]. This allows for precise engi-
neering of a surface designed to aaract the de-
sired cell types. 
The goal is to create a surface that not only pro-
motes rapid soM Kssue healing but also acKvely 
resists bacterial colonizaKon. This has led to 
the development of mulKfuncKonal surfaces 

that combine pro-integraKve and anKmicrobial 
properKes, a concept termed selecKve bioac-
Kvity. 
A common strategy is to use nanostructures 
like nanotubes as reservoirs for anKbacterial 
agents. These nanotubes can be loaded with 
silver nanoparKcles (AgNPs) or zinc oxide nano-
parKcles (ZnO NPs). The nanotopography pro-
vides the physical cues for fibroblast align-
ment, while the nanoparKcles provide a sus-
tained, localized release of bactericidal ions to 
prevent biofilm formaKon in the criKcal gingi-
val sulcus area [22]. The major challenge is tun-
ing the release kineKcs to a level that is lethal 
to bacteria but non-toxic to the more sensiKve 
gingival fibroblasts and keraKnocytes. 
An elegant biological approach is to immobilize 
AMPs on the implant surface. AMPs are natu-
rally occurring molecules that are part of the 
innate immune system. They have broad-spec-
trum anKbacterial acKvity and are oMen less 
toxic to mammalian cells than metal ions [23]. 
By tethering AMPs to a surface that also pre-
sents cell-adhesive pepKdes like RGD, it is pos-
sible to create a surface that simultaneously at-
tracts host cells and repels or kills bacteria. 
Surface chemistry can also be used to prevent 
bacterial adhesion non-lethally. Nanolayers of 
hydrophilic polymers like polyethylene glycol 
(PEG) or zwitterionic polymers create a tightly 
bound layer of water on the implant surface. 
This hydration layer acts as a physical barrier, 
preventing proteins and bacteria from adsorb-
ing, a phenomenon known as an "anti-fouling" 
effect [24]. These coatings can be patterned to 
create regions that resist bacteria while other 
regions are functionalized with peptides to 
promote specific cell attachment, guiding the 
formation of a clean, well-integrated tissue 
seal. 
	
Discussion	
The findings of this scoping review clearly 
demonstrate that nanotechnology is poised to 
revoluKonize the design of the implant trans-
mucosal component. The research is moving 
decisively away from the tradiKonal concept of 
a passive, bio-inert collar towards an acKve, 
bio-instrucKve interface designed to orches-
trate a specific biological response. The ability 
to control surface properKes at the nanoscale 
allows for an unprecedented level of influence 
over the complex cellular events that govern 
soM Kssue healing. 
The early healing period around an implant col-
lar is a biological compeKKon oMen described 
as the "race for the surface" [25]. If host Kssue 
cells fibroblasts and keraKnocytes can rapidly 
adhere, spread, and colonize the surface, they 
can establish a healthy perimucosal seal. How-
ever, if oral bacteria colonize the surface first, 
they form a resilient biofilm that provokes an 

inflammatory response, hinders Kssue integra-
Kon, and sets the stage for disease. The nano-
technologies reviewed here are all fundamen-
tally aimed at Kpping this race in favour of the 
host cells by creaKng a surface that is maxi-
mally aaracKve to them and/or minimally hos-
pitable to microbes. 
A key insight from the literature is that differ-
ent cell types have different surface require-
ments. The opKmal nanotopography for osteo-
blasts is not the same as for fibroblasts or 
keraKnocytes. This highlights a significant fu-
ture challenge and opportunity: the design of a 
spaKally zoned or gradient implant surface. An 
ideal implant might feature a pro-osteogenic 
surface in its endosseous part (e.g., 15 nm 
nanotubes), which gradually transiKons to a 
pro-fibroblast surface in the connecKve Kssue 
zone (e.g., perpendicular nanogrooves), and fi-
nally to a pro-epithelial surface at the most cor-
onal aspect (e.g., a laminin-pepKde funcKonal-
ized smooth surface) [26]. Achieving such com-
plex, mulK-textured surfaces on a three-di-
mensional object is a formidable manufactur-
ing challenge but represents the next fronKer 
in implant design. 
Despite the overwhelmingly posiKve in-vitro 
results, the translaKon of these technologies to 
clinical pracKce faces several hurdles. 
Most studies are conducted in-vitro using sin-
gle-cell cultures. While valuable, these models 
cannot replicate the complex interplay be-
tween different cell types, the immune system, 
and the mechanical forces present in the oral 
cavity. There is a criKcal need for large animal 
models that allow for robust histological and 
funcKonal evaluaKon of the engineered 
perimucosal seal over long periods. 
The long-term stability of nanocoaKngs and the 
potenKal for nanoparKcle delaminaKon or ion 
leaching are significant concerns. The gingival 
Kssue is highly vascular and dynamic. Any ma-
terial released from the implant collar could 
have local or even systemic effects. Rigorous, 
long-term biocompaKbility and toxicity studies 
are essenKal, especially for surfaces incorpo-
raKng potenKally cytotoxic metal ions like sil-
ver [27]. 
CreaKng complex nanosurfaces requires so-
phisKcated and costly manufacturing pro-
cesses. Furthermore, these delicate surface 
modificaKons must be able to withstand stand-
ard sterilizaKon procedures (e.g., autoclaving, 
gamma irradiaKon) without losing their func-
Konality, a non-trivial challenge that is oMen 
overlooked in early-stage research. 
The field is rapidly advancing towards even 
more sophisKcated concepts. The develop-
ment of sKmuli-responsive surfaces that can, 
for example, release anK-inflammatory agents 
in response to the biochemical markers of in-
flammaKon, could provide a therapeuKc 
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dimension to the implant collar [28]. Further-
more, combining nanotechnology with ad-
vances in addiKve manufacturing (3D prinKng) 
may one day allow for the creaKon of paKent-
specific implants with fully integrated, opK-
mized surface architectures from the apex to 
the collar. 
	
Conclusion	
Engineering a robust and durable perimucosal 
seal is a criKcal determinant of long-term den-
tal implant success. This scoping review 
demonstrates that nanotechnology provides a 
versaKle and powerful toolkit to move beyond 
passive implant collars and create bio-instruc-
Kve surfaces that acKvely promote rapid and 
organized soM Kssue integraKon. Strategies 
based on nanotopography, biochemical func-
KonalizaKon, and mulKfuncKonal anKbacterial 
coaKngs have all shown immense promise in 
preclinical models for guiding fibroblast and 
keraKnocyte behavior. While significant chal-
lenges related to in-vivo validaKon, long-term 
stability, and manufacturing remain, the field is 
clearly progressing towards the clinical reality 
of dental implants that are intelligently de-
signed to foster a symbioKc relaKonship with 
both the hard and soM Kssues of the oral envi-
ronment, ulKmately leading to beaer and 
more predictable outcomes for paKents. 
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