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Bioceramic implant materials have evolved significantly beyond traditional 

passive biocompatibility concepts, with contemporary research focusing on 

bioactive, antimicrobial, and immunomodulatory functionalities to enhance 

peri-implant tissue stability and long-term clinical success.This review 

examines recent advances in bioceramic implant technology across five 

key domains. Additive manufacturing enables patient-specific implant 

designs with optimized macro- and micro-architectures that enhance bone 

ingrowth and stress distribution. Surface biofunctionalization strategies, 

including calcium phosphate coatings, bioactive glass layers, and ion-

doped ceramic modifications (strontium, magnesium, zinc), demonstrate 

enhanced osteogenic potential and accelerated mineralized tissue 

formation. Antimicrobial approaches targeting biofilm-mediated peri-

implantitis include nanostructured ceramic coatings and photocatalytic 

zirconia surfaces that reduce bacterial adhesion while preserving host cell 

compatibility. Hybrid implant systems combining metallic cores with 

ceramic outer layers address mechanical limitations while maintaining 

aesthetic and biological advantages. Emerging immunomodulatory surface 

concepts aim to engineer macrophage polarization toward pro-healing 

phenotypes, potentially reducing chronic inflammatory reactions associated 

with peri-implantitis.  

 
"© 2026 by the Author(s). Published by IJAR under CC BY 4.0. Unrestricted use allowed 

with credit to the author." 

…………………………………………………………………………………………………….... 
While preclinical data support the biological promise of these advanced bioceramic systems, long-term randomized 

clinical trials remain essential to validate their efficacy in reducing peri-implant disease incidence and improving 

implant survival rates. The integration of digital manufacturing, bioactive surface engineering, and immunomodulatio

n represents a paradigm shift toward biologically optimized, patient-specific implant solutions.  
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Introduction:- 
Dental implant therapy is widely regarded as a predictable treatment modality for the rehabilitation of edentulism; 

however, long-term success depends not only on osseointegration but also on the maintenance of peri-implant health. 

Biological complications, particularly peri-implant mucositis and peri-implantitis, remain prevalent and represent 

major causes of late implant failure.
1,2

 Contemporary understanding emphasizes that peri-implant disease is 

multifactorial, involving host immune response, microbial biofilm accumulation, and implant surface 

characteristics.
3
While titanium implants remain the gold standard because of their mechanical reliability and well-

documented clinical performance, concerns related to esthetics, hypersensitivity, and corrosion have stimulated 

interest in metal-free alternatives.
4
 Bioceramic materials, especially yttria-stabilized zirconia (Y-TZP), have gained 

attention due to their favorable biocompatibility, low plaque affinity, and excellent optical properties.
5
 In addition to 

bulk material advantages, surface chemistry and topography significantly influence protein adsorption, fibroblast 

adhesion, and early osteogenic cell activity.
6
 Recent research has therefore shifted toward optimizing bioceramic 

implant surfaces through micro- and nano-scale modifications and bioactive coatings aimed at enhancing bone-to-

implant contact and promoting stable peri-implant tissue integration.
7
 From a periodontal perspective, these material 

innovations are particularly relevant, as improved soft-tissue sealing and reduced bacterial colonization may 

contribute to long-term peri-implant stability.
8
 Consequently, understanding the biological behavior of bioceramic 

implant materials is critical for shaping future strategies in peri-implant disease prevention and management.  

 

Bioceramic Materials in Dental Implants:-  

Overview:-  

Bioceramic materials are increasingly utilized in implant dentistry because they can be engineered to actively interact 

with surrounding tissues rather than functioning solely as structural replacements. In implant applications, 

bioceramics most commonly appear as zirconia-based implants and abutments or as bioactive ceramic coatings such 

as calcium phosphate or bioactive glass applied to metallic cores. Modern surface science emphasizes biofunctional 

interfaces capable of influencing early protein adsorption, cellular attachment, inflammatory modulation, and bone 

apposition. This paradigm shift moves implant design beyond macro-mechanics toward biologically responsive 

surfaces that directly affect peri-implant tissue behavior.
10,12

 

 

Zirconia as a Bioceramic Implant Material:-  

Zirconia implants and components, particularly zirconia abutments, have gained popularity due to aesthetic 

advantages and favorable biologic response. Recent systematic analyses report promising short- to medium-term 

survival rates and acceptable marginal bone stability with zirconia implants, while acknowledging that long-term data 

remain more limited compared with titanium systems. Importantly, zirconia’s clinical performance depends 

significantly on surface characteristics, including micro- and nano-topography and wettability, which influence host 

tissue response and biofilm formation at the transmucosal interface .
9
  

 

Calcium Phosphate Bioceramics as Bioactive Coatings:-  

Calcium phosphate coatings represent one of the most studied bioactive ceramic strategies for enhancing 

osseointegration. These coatings combine the mechanical strength of metallic substrates with the osteoconductive 

properties of ceramic surfaces. Their composition and crystallinity influence ion release and apatite formation, 

facilitating early bone–implant contact and supporting osteogenic cell activity. Properly engineered calcium 

phosphate layers have been shown to accelerate bone healing and improve interfacial stability during early integration 

phases .
11

  

 

Bioactive Glass and Antibacterial Potential:-  

Bioactive glasses represent another important bioceramic class for implant modification. These materials release 

therapeutic ions that stimulate apatite formation while potentially exerting antibacterial effects. Recent developments 

in multi-element–doped porous bioactive glass coatings demonstrate efforts to simultaneously enhance 

osteointegration and reduce bacterial colonization. Such dual functionality is particularly relevant in the prevention of 

peri-implantitis, where biofilm control and tissue compatibility are equally critical .
13

 

 

Soft-Tissue Integration Around Zirconia Abutments:-  

Long-term peri-implant health depends heavily on the integrity of the soft-tissue seal surrounding the implant-

abutment complex. Emerging evidence indicates that nano-engineered zirconia surfaces enhance protein adsorption 

and promote epithelial and fibroblast attachment. Experimental findings demonstrate improved soft-tissue integration 

and stronger mucosal sealing features compared with non-modified surfaces. These results suggest that surface 
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engineering of zirconia may improve the biological barrier against bacterial ingress and support marginal bone 

preservation.
14

  

 

Microbial Ecology and Peri-Implant Health:-  

Material composition influences early microbial colonization and subsequent biofilm maturation. Comparative peri-

implantitis models evaluating titanium and zirconia-based materials demonstrate differences in anaerobic enrichment 

and pathogenic complex development. Some ceramic compositions exhibit reduced dysbiotic shifts under 

experimental conditions. While translational interpretation requires caution, these findings reinforce the concept that 

bioceramic surface properties can influence peri-implant microbial ecology and potentially modulate disease 

susceptibility.
15 

 

Osseointegration and Bone‑Implant Interface:-  

Biological Basis of Osseointegration:-  

Osseointegration is defined as the formation of a direct structural and functional interface between living bone and the 

surface of a load-bearing implant, without the interposition of fibrous connective tissue.
16

 This intimate bone–implant 

contact is fundamental for achieving primary and secondary stability and is a prerequisite for long-term implant 

success. At the microscopic level, successful osseointegration is characterized by newly formed mineralized bone in 

direct apposition to the implant surface. Following implant placement, a cascade of biological events is initiated, 

beginning with blood clot formation and the adsorption of plasma proteins onto the biomaterial surface. These 

proteins mediate the recruitment of mesenchymal stem cells and osteoprogenitor cells, which subsequently 

differentiate into osteoblasts. Osteoblasts synthesize osteoid matrix that progressively undergoes mineralization, 

leading to the formation of woven bone that is later remodeled into lamellar bone.
17

 Surface properties—including 

chemical composition, surface energy, hydrophilicity, and micro-/nanotopography—critically regulate protein 

adsorption and cellular adhesion. These factors ultimately influence the percentage of bone-to-implant contact (BIC), 

a histomorphometric parameter widely used to assess osseointegration.
17

 Enhanced early osteoblastic attachment and 

proliferation contribute to improved biomechanical stability during the critical healing period.  

 

Surface Engineering and Bioactivity:-  

Surface engineering strategies have substantially advanced implant integration outcomes. Techniques such as acid 

etching, sandblasting, plasma spraying, and laser modification increase surface roughness and surface energy, thereby 

enhancing osteoblastic adhesion and differentiation.
18

 Clinical and experimental studies have consistently 

demonstrated that modified implant surfaces achieve significantly higher BIC values compared with machined 

surfaces, resulting in accelerated secondary stability.
18

 Bioactive coatings incorporating calcium phosphate, 

hydroxyapatite, collagen matrices, or growth factors further stimulate osteogenic signaling pathways at the interface.
17

 

These coatings enhance early mineral deposition and facilitate faster maturation of peri-implant bone. Additionally, 

nanostructured surfaces that replicate the architecture of the extracellular matrix improve integrin-mediated cell 

attachment and promote osteogenic gene expression.
16

 Such biofunctionalization approaches are particularly relevant 

for bioceramic materials, which inherently exhibit osteoconductive properties and chemical affinity for biological 

apatite.  

 

Nanoscale Interface and Bioceramic Integration:-  

Recent advances in bioceramic implant materials have highlighted the importance of nanoscale interfacial 

phenomena. Ceria-stabilized tetragonal zirconia polycrystal (Ce-TZP) has demonstrated favorable nanoscale bonding 

with newly formed hydroxyapatite, facilitating direct mineral attachment without the need for additional surface 

modification.
20

 This intrinsic bioactivity supports early interfacial mineralization and enhances mechanical 

interlocking at the bone-implant junction. Bioceramic composites and functionally graded materials are increasingly 

being developed to minimize elastic modulus mismatch between the implant and surrounding bone.
16

 Reducing this 

mismatch mitigates stress shielding effects and promotes more physiological load transfer, which is critical for 

maintaining long-term peri-implant bone stability. Furthermore, osteoimmunological interactions at the interface have 

gained attention, as the early immune response plays a regulatory role in bone regeneration.
21

 Modulating macrophage 

polarization toward a pro-healing phenotype may further optimize osseointegration outcomes in bioceramic systems.  

 

Mechanical Adaptation and Re-Osseointegration:-  

Osseointegration represents a dynamic biological equilibrium between bone formation and resorption rather than a 

static endpoint. Mechanical loading influences peri-implant bone remodeling through mechanotransduction pathways. 

Controlled functional loading enhances bone density and maturation, whereas excessive or premature loading may 
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compromise integration. Experimental evidence indicates that re-osseointegration is possible following mechanical 

disruption. In controlled animal models, implants subjected to induced loosening demonstrated renewed bone 

formation and restoration of stability after appropriate healing periods.
19

 These findings underscore the regenerative 

capacity of the bone–implant interface and highlight the importance of optimized loading protocols in clinical 

implantology. 

 

Peri‑Implant Soft Tissue and Microbial Considerations:-  

Soft-tissue considerations:- 

Peri-implant soft tissue forms the first-line seal that separates a highly contaminated oral environment from the 

osseointegrated portion of the implant. Compared with the periodontal barrier around natural teeth, peri-implant 

mucosa has structural disadvantages that reduce bonding efficiency at the transmucosal region, making the seal easier 

to disrupt. Once the seal is compromised, bacteria can penetrate the interface and trigger peri-implant mucositis; 

without timely management, this may progress to peri-implantitis with marginal bone loss.
22

 The transmucosal 

surface is now treated as an ―engineered interface,‖ not an afterthought. Current strategies to strengthen soft-tissue 

attachment focus on improving surface wettability, creating micro/nano-topographies, altering surface chemistry, and 

adding bioactive coatings. Importantly, the field is moving toward multifunctional designs—surfaces that 

simultaneously enhance soft-tissue bonding while adding antibacterial and/or immunomodulatory features to reduce 

early inflammatory breakdown.
22

Zirconia abutments are widely used in esthetic zones, but achieving consistently 

strong soft-tissue attachment remains a challenge. Evidence synthesized in recent reviews shows that soft-tissue 

integration around zirconia depends heavily on both micro-design (surface modification methods) and macro-design 

(abutment/contour factors) that influence epithelial closure and connective tissue behavior. Practical takeaways 

include matching zirconia surface processing to the intended tissue response and ensuring post-restoration 

maintenance supports long-term sealing.
23

  

 

Microbial considerations:-  

Microbial biofilms are central to peri-implant disease biology. Systematic evidence comparing peri-implantitis 

biofilms with those from healthy implants and periodontitis sites shows that no single organism uniquely defines peri-

implantitis across studies; rather, disease reflects complex community shifts. Meta-analytic findings indicate certain 

species (for example, Aggregatibacter actinomycetemcomitans and Prevotella intermedia) may show higher 

prevalence in peri-implantitis compared with health, while many taxa are shared across conditions—supporting a 

dysbiosis-based model rather than a single-pathogen model.
24

 Sequencing-based systematic reviews further reinforce 

that peri-implant disease is characterized by dysbiotic communities that vary between individuals and differ in 

composition and relative abundance compared with periodontal sites. These studies highlight that peri-implantitis can 

include well-known periodontopathogens but may also show enrichment of organisms less emphasized in classic 

periodontal patterns, and that diversity/composition shifts are seen when comparing healthy versus diseased peri-

implant sites. Clinically, this supports prevention strategies that focus on disrupting biofilm maturation and 

maintaining a stable peri-implant ecological balance rather than targeting a narrow microbial list.
25

Implant material 

and surface physicochemistry can shape the peri-implant microbial ―signature.‖ In a controlled preclinical model, 

microbial communities shifted differently across titanium, zirconia, and ceria-stabilized alumina-reinforced zirconia, 

suggesting the implant substrate can predispose sites toward or away from dysbiotic evolution under inflammatory 

challenge. The study also highlights the anaerobic-to-aerobic balance as a potentially useful surrogate marker for 

monitoring disease trajectory, reinforcing the concept that material choice may influence plaque evolution and peri-

implantitis risk at a biological level.
26

  

 

Peri‑Implant Health Outcomes:-  

Clinical assessment of peri-implant health around bioceramic implants, particularly zirconia-based systems, has 

increasingly incorporated standardised parameters including bleeding on probing (BOP), probing depth (PD), and 

radiographic marginal bone loss (MBL). A systematic review and meta-analysis by Roehling and colleagues, which 

pooled data from six observational cohort studies with a minimum five-year follow-up, estimated mean MBL of 1.1 

mm (95% CI: 0.9 to 1.3 mm) and mean PD of 3.0 mm (95% CI: 2.5 to 3.4 mm) around commercially available 

zirconia implants after five years of loading, findings broadly comparable with titanium benchmarks reported in the 

parallel literature.
27

 A separate systematic review restricted to randomised controlled trials and comparing titanium, 

titanium-zirconium, and zirconia implants reported BOP values of approximately 16.4% for zirconia, overlapping 

with the 10 to 20% range observed for titanium, and noted that no statistically significant between-group differences 

in peri-implant mucositis or peri-implantitis incidence were observed across the included studies, although the small 

number of RCTs limits firm conclusions [28]. Soft tissue outcomes, including mucosal stability and esthetic 
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performance, appear to favour zirconia in the anterior zone, where the tooth-coloured subgingival profile minimises 

the risk of visible greyish discolouration through thin gingival phenotypes, a clinically relevant consideration that 

titanium systems do not share .
28

  

 

The material properties of zirconia are mechanistically relevant to peri-implant tissue behaviour. The lower surface 

energy and reduced surface roughness of polished zirconia surfaces are associated with diminished bacterial 

adhesion compared with rougher titanium surfaces in in vitro models, and this has been proposed as a contributing 

factor to the comparable or slightly lower BOP values observed in some clinical studies .
28,29

 A network meta-

analysis by Pesce and colleagues, which included 18 prospective studies comparing abutment materials, found that 

zirconia abutments were associated with a statistically significant reduction in MBL of 0.20 mm (95% CI: 0 to 0.40 

mm) compared with titanium abutments, alongside numerically lower BOP and PD values, suggesting that the soft 

tissue integration profile of zirconia at the transmucosal level may confer a measurable biological advantage .
28

 

Wettability and surface chemistry also influence the early soft tissue attachment response; zirconia surfaces with 

moderate roughness and appropriate surface energy have been shown to support fibroblast adhesion and connective 

tissue orientation, though the long-term clinical translation of these in vitro observations into meaningful differences 

in recession or mucosal thickness has not been consistently demonstrated in controlled trials .
29

  

 

The available evidence must be interpreted with caution given substantial methodological limitations. Most 

published studies comparing zirconia and titanium implants are observational in design, often with small sample 

sizes, heterogeneous surgical and prosthetic protocols, and follow-up periods that rarely exceed five years; the most 

recent systematic review and meta-analysis of RCTs by Morena and colleagues, which included only six trials and 

448 implants, found no statistically significant differences in MBL, BOP, or PD between zirconia and titanium, but 

noted high heterogeneity across studies and significant variability in implant designs, surface treatments, and 

outcome definitions.
30

 This variability in protocols and the absence of standardised outcome reporting make cross-

study synthesis unreliable. Furthermore, patient-selection data across included studies are often insufficient to assess 

how factors such as periodontal history, bone density, and gingival phenotype modify outcomes specifically for 

bioceramic materials. Longer follow-up data, larger multicentre RCTs, and harmonised outcome reporting 

frameworks are needed before definitive clinical recommendations regarding the peri-implant health advantages of 

zirconia over titanium can be made.  

 

Emerging Trends and Future Directions:-  

The evolution of bioceramic implant materials is increasingly driven by advances in biomaterials science, 

nanotechnology, and digital manufacturing. Contemporary research no longer focuses solely on passive 

biocompatibility but aims to develop bioactive, antimicrobial, and immunomodulatory implant surfaces capable of 

enhancing peri-implant tissue stability and long-term success .
31

  

 

Additive Manufacturing and Personalized Implant Design:-  

Additive manufacturing (3D printing) has enabled the fabrication of customized zirconia and other ceramic-based 

implants with controlled macro- and micro-architectures. This technology allows optimization of implant geometry, 

porosity, and surface texture to enhance stress distribution and bone ingrowth .
32

 Experimental studies suggest that 

porous ceramic scaffolds can improve vascularization and early bone formation by mimicking trabecular bone 

morphology .
33

 Although still emerging in routine implant dentistry, these strategies represent a promising shift 

toward patient-specific, biologically optimized implants.  

 

Bioactive Surface Engineering:-  

Surface biofunctionalization is a major area of development in bioceramic implants. Calcium phosphate coatings, 

bioactive glass layers, and ion-doped ceramic modifications are being investigated to stimulate osteoblast 

differentiation and accelerate mineralized tissue formation.
34

 Incorporation of biologically active ions such as 

strontium, magnesium, and zinc into ceramic matrices has demonstrated enhanced osteogenic potential and improved 

bone-to-implant contact in preclinical models.
35

Such bioactive modifications aim not only to promote 

osseointegration but also to enhance early peri-implant bone stability, which is critical in reducing susceptibility to 

inflammatory bone loss.  

 

Antimicrobial and Anti-Biofilm Strategies:-  

Given that peri-implantitis is a biofilm-mediated disease, research increasingly targets antimicrobial implant surfaces. 

Nanostructured ceramic coatings and photocatalytic zirconia surfaces are being explored to reduce bacterial adhesion 
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while maintaining compatibility with host cells .
36

 Some experimental surfaces incorporate antimicrobial agents or 

ions within ceramic layers to inhibit colonization by peri-implant pathogens without impairing osteoblastic activity.
37

  

While in vitro data are promising, long-term randomized clinical trials are still required to determine 

whether these innovations significantly reduce peri-implant disease incidence.  

 

Hybrid and Composite Implant Systems:-  

To address concerns regarding ceramic brittleness and aging phenomena, hybrid systems combining metallic cores 

with ceramic outer layers are under investigation.
38

 These designs aim to preserve mechanical strength while 

benefiting from the favorable soft tissue response and aesthetics associated with zirconia-based materials. Ongoing 

research is evaluating fracture resistance, low-temperature degradation, and long-term clinical stability of such 

systems. 

 

Immunomodulatory Surface Concepts:-  

A paradigm shift in implant biomaterials involves the development of surfaces capable of modulating the host 

immune response. Studies exploring macrophage polarization around implant materials suggest that surface chemistry 

and topography can influence inflammatory pathways.
39

 Future bioceramic implants may be engineered to promote a 

pro-healing (M2) macrophage phenotype, thereby enhancing tissue integration and reducing chronic inflammatory 

reactions associated with peri-implantitis.  

 

References:-  
1. Berglundh T, Armitage G, Araujo MG, et al. Peri-implant diseases and conditions: Consensus report of 

workgroup 4 of the 2017 World Workshop. J Clin Periodontol. 2018;45(Suppl 20):S286-S291.  

2. Schwarz F, Derks J, Monje A, Wang HL. Peri-implantitis. J Clin Periodontol. 2018;45(Suppl 20):S246-

S266.  

3. Klinge B, Meyle J. Peri-implant tissue destruction. J Clin Periodontol. 2018;45(Suppl 20):S167-S178.  

4. Hanawa T. Titanium–tissue interface reaction and its control with surface treatment. Front Bioeng 

Biotechnol. 2019;7:170. 

5. Roehling S, Schlegel KA, Woelfler H, et al. Zirconia compared to titanium dental implants: A 

systematic review and meta-analysis. Clin Oral Implants Res. 2019;30(5):365-395.  

6. Sanz-Martín I, Sanz-Sánchez I, Carrillo de Albornoz A, Figuero E, Sanz M. Effects of modified implant 

surfaces on peri-implant soft tissue integration. Clin Oral Investig. 2018;22(5):1839-1851.  

7. Wennerberg A, Albrektsson T. Current challenges in successful rehabilitation with oral implants. J Oral 

Rehabil. 2020;47(2):146-155.  

8. Renvert S, Persson GR. Periodontitis as a potential risk factor for peri-implantitis. J Clin Periodontol. 

2018;45(Suppl 20):S9-S20.  

9. Mohseni P, Soufi A, Chrcanovic BR. Clinical outcomes of zirconia implants: a systematic review 

and meta-analysis. Clin Oral Investig. 2023 Dec 23;28(1):15.  

10. Abdulghafor MA, Mahmood MK, Tassery H, Tardivo D, Falguiere A, Lan R. Biomimetic Coatings in Implant 

Dentistry: A Quick Update. J Funct Biomater. 2023 Dec 30;15(1):15.  

11. Su Y, Cockerill I, Zheng Y, Tang L, Qin YX, Zhu D. Biofunctionalization of metallic implants by calcium 

phosphate coatings. Bioact Mater. 2019 May 20;4:196-206.  

12. Inchingolo AM, Malcangi G, Ferrante L, Del Vecchio G, Viapiano F, Inchingolo AD, Mancini A, 

Annicchiarico C, Inchingolo F, Dipalma G, Minetti E, Palermo A, Patano A. Surface Coatings of Dental 

Implants: A Review. J Funct Biomater. 2023 May 22;14(5):287.  

13. Lung CYK, Abdalla MM, Chu CH, Yin I, Got SR, Matinlinna JP. A  

14. Multi-Element-Doped Porous Bioactive Glass Coating for Implant Applications. Materials (Basel). 

2021 Feb 18;14(4):961.  

15. Huang C, Miao X, Li J, Liang J, Xu J, Wu Z. Promoted Abutment-Soft Tissue Integration Around Self-Glazed 

Zirconia Surfaces with Nanotopography Fabricated by Additive 3D Gel Deposition. Int J Nanomedicine. 2023 

Jun 13;18:3141-3155.  

16. López-Píriz R, Sevillano D, Fernández Domínguez M, Alou L, González N, Goyos-Ball L, Cabal B, Moya JS, 

Gómez-Lus ML, Torrecillas R. Peri-Implant Microbial SignatureShifts in Titanium, Zirconia and Ceria-

Stabilized Zirconia Reinforced with Alumina Sites Subjected to Experimental Peri-Implantitis: A Preclinical 

Study in Dogs. Antibiotics (Basel). 2024 Jul 24;13(8):690.  

17. Dong Y, Hu Y, Hu X, et al. Synthetic nanointerfacial bioengineering of Ti implants: regulation of implant–

bone interactions for enhanced osseointegration. Mater Horiz. 2025;12:694-718.  



ISSN:(O) 2320-5407, ISSN(P) 3107-4928           Int. J. Adv. Res. 14(02), February-2026, 1419-1425 

 

1425 

 

18. Al Shayeb M, Elfadil S, Abutayyem H, et al. Bioactive surface modifications on dental implants: systematic 

review and meta-analysis of osseointegration and longevity. Clin Oral Investig. 2024;28:592.  

19. Karni PA, Begum K, Sharma G, et al. Influence of implant surface treatments on osseointegration: 

randomized controlled trial. J Pharm Bioallied Sci. 2025;17(Suppl 3):S2305-S2307.  

20. Jolic M, Giraldo-Osorno PM, Emanuelsson L, et al. Re-osseointegration of titanium after experimental 

implant loosening. Biomater Sci. 2025;13:6676-6688.  

21. Nanoscale osseointegration of zirconia evaluated from interfacial structure between ceria-stabilized tetragonal 

zirconia and hydroxyapatite. J Oral Biosci. 2024;66(2):281-287.  

22. Lechner J, von Baehr V, Notter F, et al. Osseointegration and osteoimmunology in implantology. J Int Med 

Res. 2024;52(1):3000605231224161.  

23. Jin S, Yu Y, Zhang T, Xie D, Zheng Y, Wang C, Liu Y, Xia D. Surface modification strategies to reinforce the 

soft tissue seal at transmucosal region of dental implants. Bioact Mater. 2024 Sep 10;42:404-432.  

24. Tang K, Luo ML, Zhou W, Niu LN, Chen JH, Wang F. The integration of peri-implant soft tissues around 

zirconia abutments: Challenges and strategies. Bioact Mater. 2023 Apr 20;27:348-361.  

25. Sahrmann P, Gilli F, Wiedemeier DB, Attin T, Schmidlin PR, Karygianni L. The Microbiome of Peri-Implantitis: 

A Systematic Review and Meta-Analysis. Microorganisms. 2020 May 1;8(5):661.  

26. Gazil V, Bandiaky ON, Renard E, Idiri K, Struillou X, Soueidan A. Current Data on Oral Peri-Implant and 

Periodontal Microbiota and Its Pathological Changes: A Systematic Review. Microorganisms. 2022 Dec 

14;10(12):2466. 

27. López-Píriz R, Sevillano D, Fernández Domínguez M, Alou L, González N, Goyos-Ball L, Cabal B, Moya JS, 

Gómez-Lus ML, Torrecillas R. Peri-Implant Microbial Signature Shifts in Titanium, Zirconia and Ceria-

Stabilized Zirconia Reinforced with Alumina Sites Subjected to Experimental Peri-Implantitis: A Preclinical 

Study in Dogs. Antibiotics (Basel). 2024 Jul 24;13(8):690.  

28. Roehling S, Gahlert M, Bacevic M, Woelfler H, Laleman I. Clinical and radiographic outcomes of zirconia 

dental implants-A systematic review and meta-analysis. Clin Oral Implants Res. 2023 Sep;34 Suppl 26:112-124.  

29. Fernandes PRE, Otero AIP, Fernandes JCH, Nassani LM, Castilho RM, de Oliveira Fernandes GV. Clinical 

Performance Comparing Titanium and Titanium-Zirconium or Zirconia Dental Implants: A Systematic 

Review of Randomized Controlled Trials. Dent J (Basel). 2022 May 12;10(5):83.  

30. Pesce P, Del Fabbro M, Menini M, De Giovanni E, Annunziata M, Khijmatgar S, Canullo L. Effects of 

abutment materials on peri-implant soft tissue health and stability: A network meta-analysis. J Prosthodont 

Res. 2023 Oct 13;67(4):506-517.  

31. Morena D, Leitão-Almeida B, Pereira M, Resende R, Fernandes JCH, Fernandes GVO, Borges T. 

Comparative Clinical Behavior of Zirconia versus Titanium Dental Implants: A Systematic Review and Meta-

Analysis of Randomized Controlled Trials. J Clin Med. 2024 Jul 31;13(15):4488.  

32. Wennerberg A, Albrektsson T. Current challenges in successful rehabilitation with oral implants. J Oral 

Rehabil. 2020;47(2):146-155.  

33. Revilla-León M, Özcan M. Additive manufacturing technologies used for processing polymers and 

ceramics in implant dentistry. J Prosthodont. 2020;29(1):57-67.  

34. Shah FA, Thomsen P, Palmquist A. Osseointegration and current interpretations of the bone–implant 

interface. Acta Biomater. 2019;84:1-15.  

35. Le Guehennec L, Soueidan A, Layrolle P, Amouriq Y. Surface treatments of dental implants for rapid 

osseointegration. Dent Mater. 2018;34(1):e1-e17.  

36. Zhao L, Wang H, Huo K, et al. Biomimetic coatings for enhanced osseointegration. Biomaterials. 

2019;35(22):5706-5716.  

37. Subramani K, Jung RE. Biofilm on dental implants: Microbial etiology and prevention strategies. Clin Oral 

Implants Res. 2019;30(1):19-34.  

38. Hotchkiss KM, Sowers KT, Olivares-Navarrete R. Comparative cell response to implant surface modifications. 

Acta Biomater. 2019;86:431-441. 

39. Kohal RJ, Spies BC. Clinical performance of zirconia implants. Clin Oral Implants Res. 2020;31(2):164-172.  

40. Olivares-Navarrete R, Hyzy SL, Gittens RA, et al. Role of macrophage polarization in implant integration. 

Acta Biomater. 2018;76:213-222. 

 

 

 


