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Abstract

The dental implant interface (DII) constitutes a highly specialized and dynamic microenvironment
that emerges immediately following implant placement and governs the biological success or
failure of osseointegration. Distinct from native bone healing, the DIl is shaped by the presence
of a permanent foreign biomaterial, surgical trauma, host immune responses, and evolving me-
chanical stimuli. This review synthesizes contemporary evidence from periodontology, molecular
biology, and biomaterials science to provide an integrated, phase-dependent framework of re-
pair and osseointegration at the DIl. We delineate the temporal progression of healing into he-
mostatic, inflammatory, proliferative, and remodeling phases, highlighting the molecular signal-
ing networks, cellular dynamics, and mechanobiological cues that regulate each stage. Particular
emphasis is placed on osteoimmunological mechanisms, including macrophage polarization and
immune—bone crosstalk, as critical determinants of regenerative versus fibrotic healing out-
comes. Additionally, the role of biochemical gradients, physicochemical conditions, and implant
surface properties in directing protein adsorption, cell fate decisions, angiogenesis, and soft tis-
sue integration is discussed. Translational implications for implant surface design, surgical proto-
cols, and loading strategies are explored, underscoring the shift toward biologically intelligent
and immunomodulatory implant systems. Finally, emerging approaches such as single-cell and
spatial omics are presented as future tools to enable personalized implant therapy and improve
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sis, and and peri-implant soft tissue integration. Un-

The dental implant interface (DII) represents a high-
ly specialized microenvironment formed immediate-
ly after implant placement. Unlike native bone heal-
ing, this microenvironment is uniquely shaped by the
presence of a foreign biomaterial, surgical trauma,
and early mechanical stimuli. These factors collec-
tively influence molecular signaling pathways that
govern immune responses, angiogenesis, osteogene-

derstanding the DII as a dynamic, multi-factorial
system provides insight into the mechanisms under-
lying successful osseointegration and offers avenues
for biologically intelligent implant design. and in-
forms strategies to prevent complications such as
peri-implant mucositis and peri-implantitis.

Temporal Organization of Repair and Osseointe-
gration at DII
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Successful dental implant therapy relies on the estab-
lishment and long-term maintenance of osseointegra-
tion, a process that unfolds within the highly special-
ized microenvironment of the dental implant interface
(DII). Unlike native bone healing, repair at the DII
occurs in the presence of a permanent foreign bio-
material and is initiated by surgical trauma and early
biomechanical conditions. Consequently, osseointe-
gration represents a biologically regulated, time-
dependent sequence of events involving coordinated
cellular, molecular, and mechanical interactions ra-
ther than a passive bone—implant contact phenome-
non(1-3).

Following implant placement, the DII undergoes a
predictable but dynamic progression of repair that can
be conceptually organized into four overlapping phas-
es: hemostasis, inflammation, proliferation, and re-
modeling. Each phase is characterized by distinct bio-
logical priorities and mechanobiological sensitivities
that collectively determine the quality and stability of
the hard and soft tissue implant interface. (2,4).

Hemostatic Phase (Minutes to Hours)

The initial hemostatic phase occurs within minutes to
hours after implant insertion and is defined by blood
clot formation and rapid protein adsorption onto the
implant surface. This provisional fibrin matrix not
only stabilizes the surgical site but also establishes
the biological identity of the implant through selec-
tive adsorption of plasma proteins such as fibrinogen,
fibronectin, and vitronectin(5,6). Platelet activation
within the clot results in the localized release of
growth factors, including platelet-derived growth fac-
tor (PDGF), transforming growth factor-pf (TGF-p),
and vascular endothelial growth factor (VEGF),
which initiate chemotactic signaling and angiogenic
responses(7). The mechanical stability of the implant
during this phase is critical, as excessive micromotion
can disrupt clot integrity and compromise subsequent
cellular recruitment and interface maturation(8).

Inflammatory Phase (Days 1-7)

The hemostatic phase transitions into an inflammato-
ry phase spanning approximately the first week after
implantation. Parallel to osseous events, the early for-
mation of a peri-implant mucosal seal begins, mediat-
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ed by the adhesion and proliferation of gingival fibro-
blasts and epithelial cells, establishing a critical bio-
logical barrier against the oral microbiome. During
this period, innate immune cells, primarily neutro-
phils and macrophages, dominate the DII microenvi-
ronment. While neutrophils contribute to early deb-
ridement, macrophages play a central regulatory role
by orchestrating the balance between pro-
inflammatory and pro-regenerative signaling (9). The
polarization of macrophages from a classically acti-
vated (M1) phenotype toward a pro-healing (M2)
phenotype is increasingly recognized as a decisive
determinant of osseointegration versus fibrous encap-
sulation(10,11). Concurrently, angiogenic processes
are initiated, enabling oxygen and nutrient delivery
essential for subsequent osteogenesis. Implant surface
chemistry and topography have been shown to modu-
late immune cell behavior during this phase, high-
lighting the emerging concept of osteoimmunomodu-
lation at the DII (12).

Proliferative Phase (Weeks 2—8)

Between approximately two-eight weeks post-
implantation, the proliferative phase is characterized
by active osteogenesis and the formation of new bone
at the implant interface. Concurrently, maturation of
the supracrestal soft tissue complex occurs, with or-
ganization of a dense connective tissue zone and a
well-adapted junctional epithelium, a process influ-
enced by implant surface topography and emergence
profile. Mesenchymal stem cells and osteoprogenitor
cells migrate to the DII, differentiate into osteoblasts,
and deposit osteoid matrix through both contact and
distance osteogenesis (1,13). This process is driven
by the activation of osteogenic signaling pathways,
including bone morphogenetic protein (BMP), Wnt/f3-
catenin, and Runx2-dependent transcriptional pro-
grams(14,15). The newly formed bone is initially wo-
ven in nature and mechanically immature but estab-
lishes increasing bone, implant contact. During this
phase, the interface remains highly sensitive to me-
chanical conditions, as excessive strain or micromo-
tion may divert healing toward fibrous tissue for-
mation rather than mineralized bone (8) (16)

Remodeling Phase (Months 2—12)



The final remodeling phase extends from approxi-
mately two months to one year after implantation and
involves the gradual replacement of woven bone with
organized lamellar bone adapted to functional loading.
Osteoclast-mediated  resorption and  osteoblast-
mediated bone formation occur in a tightly coupled
manner, regulated by osteocyte-derived mechanosen-
sory signals and the RANK-RANKL-OPG pathway
(17,18). Functional loading during this phase plays a
critical role in shaping peri-implant bone architecture,
density, and long-term stability(19). Implant
macrodesign and surface characteristics continue to
influence stress distribution and bone maintenance,
underscoring the long-term interaction between bio-
materials and host tissue(20).

Within this complex microenvironment, repair and
osseointegration do not occur as isolated events but
rather as a temporally coordinated sequence of biolog-
ical and mechanical processes. Conceptualizing DII
healing as a time-dependent continuum provides a
framework for understanding how early events dictate
long-term implant stability. (Fig 1).
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Figure 1. Temporal phases of osseointegration at
the dental implant interface (DII).

Schematic representation of the phase-dependent
repair process at the dental implant interface fol-
lowing implant placement. The hemostatic phase
(minutes—hours) is characterized by blood clot for-
mation, protein adsorption onto the implant sur-
face, and platelet-derived growth factor release,
establishing a provisional matrix under conditions
of primary stability. The inflammatory phase (days
1-7) involves recruitment of innate immune cells,
particularly macrophages, whose polarization and
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angiogenic signaling regulate the transition from
inflammation to regeneration. During the prolifer-
ative phase (weeks 2—8), mesenchymal stem cells
and osteoblasts drive woven bone formation
through contact and distance osteogenesis in coor-
dination with neovascularization. The remodeling
phase (months 2—12) encompasses coupled osteo-
clast-osteoblast activity, leading to maturation of
lamellar bone and functional adaptation under
mechanical loading. Collectively, the figure illus-
trates osseointegration as a dynamic, mechanobi-
ologically regulated process influenced by bio-
material properties and temporal biological cues.

Biochemical Microenvironment

The temporal progression of healing at the DII is un-
derpinned by rapid and dynamic biochemical signal-
ing, which establishes the molecular context for subse-
quent cellular recruitment, differentiation, and tissue
integration. The initial biochemical milieu at the DII is
dominated by blood-derived components, including
fibrin clots enriched with growth factors such as plate-
let-derived growth factor (PDGF), transforming
growth factor-p (TGF-B), and vascular endothelial
growth factor (VEGF). These molecules regulate
chemotaxis, angiogenesis, and osteoprogenitor recruit-
ment through activation of PI3K/AKT, MAPK, and
Smad signaling pathways. Spatial gradients of cyto-
kines and growth factors evolve rapidly, determining
the balance between osteogenesis and fibrous tissue
formation(21-23).

Protein adsorption onto implant surfaces forms a bio-
molecular corona, which differs depending on surface
chemistry and energy. This layer modulates integrin-
mediated cell adhesion and downstream signaling, in-
fluencing early cell fate decisions. In the supracrestal
region, adsorbed proteins also guide the attachment
and proliferation of fibroblasts, influencing the quality
of the peri-implant connective tissue attachment. (24).

Cellular Microenvironment

These biochemical gradients do not act in isolation but
instead orchestrate the recruitment, activation, and
phenotypic modulation of diverse cellular populations
that collectively determine the regenerative outcome
at the implant interface. The cellular composition of
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the DII microenvironment changes dynamically
during early healing. Neutrophils dominate the
acute phase, followed by macrophages, mesenchy-
mal stem cells (MSCs), endothelial cells, osteo-
blasts, fibroblasts, and epithelial cells. Crosstalk
among these cells is mediated by cytokines, chemo-
kines, and extracellular vesicles, including exo-
somes carrying microRNAs that regulate osteogenic
and inflammatory gene expression(25,26)

Macrophages serve as central regulators. Their po-
larization state determines whether the interface
favors regeneration or chronic inflammation. M2-
polarized macrophages promote osteogenesis and
angiogenesis via VEGF, BMP-2, and IL-10, where-
as prolonged M1 dominance can impair osseointe-
gration through sustained NF-kB activation and is
also associated with the breakdown of soft tissue
integration and initiation of peri-implant disease
(23).

Soft Tissue Integration and the Peri-Implant
Mucosa

Soft tissue healing and the establishment of a stable
mucosal seal are critical for long-term peri-implant
health. The peri-implant mucosa differs from the
periodontal attachment in architecture and vascular-
ity and is more susceptible to microbial ingress and
inflammatory breakdown(27). Preservation of the
early fibrin matrix and the pattern of protein ad-
sorption onto transmucosal surfaces influence epi-
thelial and connective tissue adhesion, guiding early
soft tissue organization(6,28). Implant transmucosal
design, surface  wettability, and  micro-/
nanotopography modulate epithelial cell attachment
and fibroblast orientation, thereby affecting the
quality of the junctional epithelium and connective
tissue cuff(12,29). Immune cells and resident osteal
macrophages interact with soft tissue cells at the
transmucosal interface; immunomodulatory surface
properties can favor a pro-healing milieu that sup-
ports mucosal integrity and resists inflammatory
breakdown(11,26). Atraumatic surgical handling,
careful soft tissue management, and transmucosal
designs that promote epithelial adhesion are there-
fore essential to maintain a robust mucosal seal that
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limits bacterial colonization and inflammatory pen-
etration(12,27).

Mechanical Microenvironment

While cellular behavior is governed by molecular
cues, it is simultaneously shaped by mechanical
forces transmitted through the implant-bone inter-
face, highlighting the inseparable nature of biologi-
cal and biomechanical regulation during osseointe-
gration. The mechanical microenvironment is de-
fined by primary implant stability, interfacial strain,
and micromotion. Mechanical cues are sensed by
cells via integrins and cytoskeletal elements, acti-
vating mechanotransduction pathways such as focal
adhesion kinase (FAK), RhoA/ROCK, and YAP/
TAZ. These pathways influence osteogenic differ-
entiation, matrix mineralization, and gene transcrip-
tion (30,31). Emerging evidence suggests that these
surface modifications may also enhance the sealing
capability of peri-implant soft tissues by promoting
fibroblast adhesion and collagen synthesis. Con-
trolled mechanical stimulation enhances osteogene-
sis, whereas excessive micromotion (>100 um) fa-
vors fibrous tissue encapsulation(32). Hence, me-
chanical and molecular signaling are tightly inte-
grated to dictate healing trajectories.

Physicochemical Microenvironment

In parallel with mechanical stimuli, local physico-
chemical conditions further modulate cellular re-
sponses, influencing metabolic activity, inflamma-
tory signaling, and mineralization processes at the
DII. Physicochemical conditions at the DII include
oxygen tension, pH, ionic composition, and surface
charge. Early hypoxia activates hypoxia-inducible
factor-la. (HIF-1a)), promoting angiogenesis and
coupling vascularization to osteogenesis. Local pH
fluctuations influence osteoclast activity and miner-
al deposition.

Implant surfaces releasing bioactive ions such as
Ca?*, Mg*, and Sr** enhance osteogenic signaling
and suppress inflammatory pathways. These ionic
cues act synergistically with surface topography to
regulate cell behavior at the molecular level(29,33)
(Figure 2).
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Figure 2. Microenvironmental Regulation of Molec-
ular Signaling at the Dental Implant Interface (DII):

This conceptual illustration depicts the dynamic mi-
croenvironment surrounding a dental implant during
early healing. The DIl is regulated by coordinated
biochemical, cellular, mechanical, and physico-
chemical cues, which collectively modulate molecu-
lar signaling pathways. Biochemical mediators, in-
cluding PDGF, TGF-f, VEGF, IL-1p, and TNF-a,
guide immune activation, angiogenesis, and osteo-
genic commitment. Cellular components—
macrophages, MSCs, osteoblasts, and endothelial
cells—sense surface properties and microenviron-
mental signals, promoting macrophage polarization,
vascular ingrowth, and bone formation. Physico-
chemical factors, including hypoxia, pH fluctuations,
and bioactive ions (Ca?', Mg?', Sr*), further regulate
cellular behavior and matrix mineralization. Key
intracellular pathways include NF-kB, JAK/STAT,
BMP-2, Wnt/p-catenin, VEGF, FAK, and YAP/TAZ,
ultimately promoting soft tissue integration, immune
modulation, and stable new bone formation.

Immuno-Microenvironment and Osteoimmunolo-
gy

Together, biochemical, mechanical, and physico-
chemical cues converge to shape the local immune
landscape, positioning the DII as a quintessential ex-
ample of osteoimmunological regulation. The DII
exemplifies osteoimmunology, where immune re-
sponses and bone regeneration are tightly intercon-
nected. Cytokines such as IL-17, TNF-a, and IL-6
influence  osteoclastogenesis via the RANK/
RANKL/OPG axis, while regulatory immune re-
sponses facilitate osteoblast activity. Implant surface

Dental Implant Interface

modifications that promote a pro-healing immune
microenvironment enhance early osseointegration
(34).

Clinical and Translational Implications

A comprehensive understanding of the dental im-
plant interface as a dynamic and phase-dependent
microenvironment has important implications for
contemporary implant therapy. Rather than viewing
osseointegration as a binary outcome, clinicians
must recognize that early biological and mechanical
conditions critically shape long-term peri-implant
bone stability and soft tissue integration.(4,35,36)

From a surgical perspective, optimization of primary
stability and preservation of the early fibrin matrix
are essential to support favorable biochemical and
cellular signaling during the hemostatic and inflam-
matory phases [4,5]. Furthermore, meticulous soft
tissue management to preserve keratinized mucosa
and achieve primary wound closure is paramount to
establish a healthy peri-implant mucosal barrier. Ex-
cessive compression, overheating, or early micromo-
tion may disrupt immune polarization and angiogen-
ic coupling, predisposing the interface to fibrous en-
capsulation rather than mineralized integration(8,37).
These considerations are particularly relevant in
compromised bone conditions, such as low-density
posterior maxilla or immediate implant placement
scenarios(38).

Implant surface design emerges as a key translation-
al factor capable of actively modulating the DII mi-
croenvironment. These advanced surfaces may also
play a preventive role against peri-implantitis by
promoting a more resilient soft tissue seal and miti-
gating biofilm-induced inflammation. Surface topog-
raphy, chemistry, and wettability influence protein
adsorption, macrophage polarization, osteogenic dif-
ferentiation, and mechanotransduction pathways
(6,12,39). Immunomodulatory and ion-releasing sur-
faces represent promising strategies to enhance early
osteogenesis while attenuating excessive inflamma-
tory responses, especially in patients with systemic
risk factors such as diabetes or smoking(11,40).

Loading protocols should be informed by the tem-
poral sensitivity of the DII. Post-restoration, periodic
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evaluation of occlusal forces remains a critical compo-
nent of periodontal maintenance to prevent peri-
implant biomechanical overload. While controlled me-
chanical stimulation during the proliferative and re-
modeling phases can enhance bone maturation and
functional adaptation, premature or excessive loading
during early healing may overwhelm the regenerative
capacity of the interface(8,16). This reinforces the
need for individualized loading strategies based on
bone quality, implant design, and patient-specific bio-
logical factors(41).

Future translational advances integrating single-cell
transcriptomics, spatial biology, and biomaterial engi-
neering are expected to further elucidate microenvi-
ronmental heterogeneity at the DII (25,42). Under-
standing the DII microenvironment highlights the
need for biologically intelligent implant designs that
actively modulate local conditions. Furthermore, ad-
junctive therapies such as platelet-rich fibrin (PRF),
growth factor applications, and local antimicrobial de-
livery systems are being investigated to positively
steer the DII toward regeneration, particularly in com-
plex or compromised cases. Strategies such as im-
munomodulatory surfaces, controlled ion release, and
biofunctional coatings optimize the microenvironment
during early healing. Future advances incorporating
spatial transcriptomics and single-cell analyses will
further elucidate microenvironmental heterogeneity,
enabling personalized implant therapies(42).

Conclusion

Osseointegration at the dental implant interface is not
a static phenomenon but a tightly regulated, phase-
dependent biological process shaped by dynamic in-
teractions among immune responses, cellular behav-
ior, molecular signaling, and mechanical forces.
Recognition of the DII as a specialized microenviron-
ment underscores the importance of early biological
events in determining long-term peri-implant bone
stability and soft tissue integrity. Advances in osteo-
immunology and mechanobiology reveal that immune
modulation, particularly macrophage polarization, and
controlled mechanical conditions are central to suc-
cessful integration. Translational strategies that incor-
porate surface biofunctionalization, immunomodulato-
ry design, and patient-specific loading protocols hold

significant promise for improving clinical outcomes.
Future integration of single-cell and spatial biological
approaches will further refine our understanding of
microenvironmental heterogeneity at the DII, enabling
more personalized, biologically intelligent implant
therapies aimed at long-term peri-implant health and
disease prevention.
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