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Introduction 

Oral rehabilitation using osseointegrated dental implants 

has been a technique used for several decades by 

professionals around the world with high success rates [1]. 

Dental implants began to be used clinically around 1965 

and since then it has been considered one of the treatments 

of choice for edentulous patients, sometimes exceeding 

the success rates of fixed prostheses on natural teeth in the 

case of single absences [2]. Dental implants have 

considerably high success rates according to different 

human studies depending on the type of dental implant 

used, reaching ranges of 82.94% [3], 90% [4] and even 

94.7% [5]. 

 Within implantology there are different important 

circumstances to consider for the materials that will have 

contact with oral mucosa, bone, blood, among others in 

the short and long term. One of them is biological effects, 

which involves different factors such as: biocompatibility 

[6], cytotoxicity [7], toxicity [8], carcinogenicity [9], 

genotoxicity [10], hemocompatibility [11] and 

vascularization [12] which are vital to the success of the 

implant. Another type of cause that is important is related 

to mechanical resistance, which includes the fracture of 

the implants and any of their prosthetic components [13]. 

And finally, that related to approval before international 

organizations such as the Food and Drug Administration 

(FDA) [14]. 

 Currently we have different materials and types of 

implant body for implantology, among which titanium 

(Ti) and its alloys stand out, despite the diseases that can 

be caused by the detachment of particles that cause 

allergies and peri-implantitis [15]. Another material that 

has gained popularity for several years is zirconium (Zr), 

which has shown biocompatibility, strength and inert 

characteristics comparable to that of Ti alloy implants 

[16]. 

 Recent research has evaluated a series of new 

materials for their application as dental implants, since 

they have physical and biological characteristics similar  

to those mentioned above; as is the case with 

Polyetheretherketone (PEEK) or reinforced and  

modified PEEK (CFR-PEEK) [17] and Silicon Nitride 

(Si3N4) [18], which are materials that present even better 

biological and mechanical properties than traditional 

implants. 

This review article presents the biological and technological properties of biomaterials: 

titanium, polyetheretherketone, zirconium and Si3N4, focused on the application of dental 

implants. The methodology focused on examining different works related to the topics of 

biocompatibility, biofilm formation and adhesion properties, fibroblast proliferation, bone 

resorption, peri-implant infection, osseointegration, histology, cytotoxicity, toxicity, 

carcinogenicity, genotoxicity, hemocompatibility, vascularization, mechanical resistance and 

approval for use by the FDA. The results of the review show that all four biomaterials have 

favorable properties that can revolutionize implants, however, more studies are needed to 

confirm the results in the short and medium term. 
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 The objective of this article is to review the materials 

that exist for dental implants "Ti, PEEK, Zr and Si3N4" 

and discuss which one has the best characteristics in the 

areas of biocompatibility, cytotoxicity, toxicity, 

carcinogenicity, genotoxicity, hemocompatibility, 

vascularization, mechanical resistance and approval for 

use by the FDA. 

Methodology 

The methodology was focused on carrying out a review of 

articles related to the topics of biocompatibility,  

biofilm formation and adhesion properties, fibroblast 

proliferation, bone resorption, peri-implant infection, 

osseointegration, histology, cytotoxicity, toxicity, 

carcinogenicity, genotoxicity, hemocompatibility, 

vascularity, mechanical resistance and approval for use by 

the FDA; related in dental implants and materials Ti, 

PEEK, Zr and Si3N4. 

 The exhaustive review of the articles was carried out 

in different databases and international scientific portals 

such as: Wiley Online Library, ScienceDirect and Scopus, 

Meridian allen press, MDPI, Ingenta Connect, 

EBSCOhost, Springer Link, Pubmed, Taylor and Francis 

Online, RSC Publishing, NCBI, Scholar Google, Online 

bone and joint, Scientific Research Publishing, and ACS 

Publications. 

Developing 

Biomaterials are subjected to complex environments and 

must be capable of not altering the environment or 

modifying biological processes, in addition to supporting 

mechanical work and cycles. For that reason, biomaterials 

are a multidisciplinary science that involves the basic 

sciences, engineering and the medical area [19]. 

 The materials must have a different appearance to 

function properly so that the material can coexist with the 

fabrics without undesirable effects. Without a doubt an 

important aspect is biocompatibility, which focuses on 

studying biochemical compatibility related to toxicity, 

irritation, allergies and aspects of carcinogens [20]. 

Another type of relevant aspect is cytotoxicity [21], which 

is a very important aspect when determining whether a 

material is toxic; as well as genotoxicity, which focuses on 

studying the genetic mutations of cells in contact with 

materials [22]. 

 Another very important factor for materials that have 

contact with blood fluids is hemocompatibility, which 

studies the capacity of red blood cells (thrombogenic 

property) in a bloodstream that flows over the material 

[23]. On the other hand, it is also important to consider 

biodegradation, which studies the corrosive effects 

released in materials by changes in kinetics resulting in the 

release of ions in tissues by friction and wear [24]. In  

Fig. 1, it can be seen which are the most important aspects 

that should be considered based on our experience to have 

a good synergy for the biomaterials applied in dental 

implants. 

 
 

Fig. 1. Synergy and study areas that should be considered in all material 

for dental implants. 

 Based on the diagram in Fig. 1, the comparison of the 

different materials Ti, PEEK, Zr and Si3N4 related in these 

areas will be shown below. 

Results 

Biocompatibility 

The term biocompatibility is applied mainly to medical 

materials in direct, short or prolonged contact with the 

tissues and internal fluids of the body such as posts for 

dental implants. Within biocompatibility there are several 

important aspects to consider; such as biofilm formation, 

fibroblast proliferation, bone resorption, implant site 

infections, osseointegration, and histology. These aspects 

related to the different materials, which are the central 

theme of the article, will be compared below. The 

following Fig. 2 shows the most important aspects of 

biocompatibility. 

 

 

Fig. 2. Most important aspects of biocompatibility. 



 

 
Biofilm formation 

The formation of biofilms or "oral biofilm" is an essential 

component that is involved in the development of cavities 

and periodontal diseases. Both pathologies are among the 

most prevalent in humans with a negative impact on quality 

of life, being the main cause of tooth loss and contamination 

of dental implants [25,26]. The use of osseointegrated 

implants as support for fixed or removable prostheses is not 

free from these problems, so it is believed that oral biofilm 

plays a fundamental role for implant survival [27]. 

 There are a considerable number of publications that 

have studied biofilm formation on Ti and Zr surfaces [28-

31]. As a summary we can say that it has been repeatedly 

found that Zr could have a reduced bacterial adhesion 

compared to Ti; however, the results of experimental 

studies are quite controversial so far. However, it can be 

said that the surfaces of the Zr implants show a statistically 

significant reduction in the formation of biofilms of human 

plaque compared to the surfaces of the Ti implants. On the 

other hand, there are also investigations that report that 

there are no significant differences between the surfaces of 

Ti and Zr. Finally, there are also works that have suggested 

that there is a difference in the microbiota in the formation 

of oral biofilms associated with Ti and Zr [32]. 

 In the case of PEEK, there are few studies that 

compare the properties of this material with respect to Ti 

and Zr [33-36]. Fundamentally, these publications 

mention that the surface roughness of unmodified PEEK is 

significantly lower compared to Ti and Zr, which means 

that the formation of biofilms is poor, that is, most of the 

studies do not reveal a significant antimicrobial activity in 

PEEK. pure. However, other articles have reported that the 

modification of the surface with nanocomposites seems to 

improve cell adhesion, influences the structure of the 

biofilm and reduces the chances of peri-implant 

inflammation, which makes it an interesting biomaterial in 

implantology in the near future. 

 In the case of Si3N4, there is currently a limited 

number of studies applied to the dental area, despite the 

fact that there are studies of its biological response since 

1989 [37]. Some interesting characteristics of this material 

is that it shows resistance to bacteria and to biofilm 

formation in in vivo studies [38,39]. Furthermore, a recent 

study has shown a direct bactericidal effect against an oral 

pathogen [40]. The antibacterial behavior of Si3N4 is 

probably multifactorial and is related to surface chemistry, 

surface pH, texture, and electrical charge [41]. Optimizing 

these surface properties for specific implants is a clear 

advantage of the material. 

 Finally, a recent study on Si3N4, Ti and PEEK 

surfaces showed that Si3N4 has superior resistance to the 

biofilm of S. epidermis and E. coli compared to other 

biomaterials [42]. 

Fibroblast proliferation 

A fibroblast is the most common type of cell found in 

connective tissue in dental implants. Fibroblasts secrete 

collagen proteins that are used to stabilize and maintain a 

structural framework, as well as play an important role in 

wound healing. 

 Currently there are various methods of surface 

modification in biomaterials to promote a better 

proliferation of fibroblasts and thus achieve a union 

between implants and bone. In the different search engines, 

different studies were found comparing the proliferation of 

fibroblasts on the surfaces of Ti, Zr and PEEK [43-46]. 

 The different studies show that the roughness of the 

materials is remarkably different according to the results 

of scanning electron microscopy. In the case of the PEEK 

surface, it has a better behavior when it is superficially 

modified, achieving similar roughnesses compared to Ti 

and Zr, which resulted in cell proliferation and migration 

equivalent to other materials. On the other hand, studies 

have found that materials modified with laser and plasma 

techniques present significantly higher values in adhesion 

of human gingival fibroblasts than those effected by other 

techniques, such as soft machining. In general, studies 

have found that fibroblast cell viability and proliferation is 

higher on PEEK and Zr surfaces compared to Ti, due to 

the greater wettability of these materials. 

 In the case of Si3N4, it has been found that the 

absorption of fibronectin and vitronectin-type proteins are 

significantly higher compared to Ti and PEEK [39]. 

Furthermore, it has been seen that the surface modification 

of this material bearing functional primary amine end 

groups increases fibronectin adsorption and promoted cell 

proliferation, but there is a delay in differentiation [47]. 

 Finally, it has been analyzed that Si3N4 has shown the 

ability to reduce or maintain normal levels of reactive 

oxygen species (ROS) in macrophages depending on the 

particle size and dose, which is important since the levels 

of fibroblasts and ROS are associated in the production of 

collagen and fibronectin [48]. 

Bone resorption 

Bone resorption is the destruction and loss of bone tissue 

caused by osteoclasts and mononuclear cells. These 

diseases are a complication of osseointegrated dental 

implants and cause changes in the bone and soft tissue 

around the implants. In general terms, this resorption is 

due to periodontitis or the use of removable prostheses. 

The small amount of bone resorption around the implant is 

considered normal for all implants [49]. 

 Focusing on biomaterials for dental implants, some 

have a greater or lesser degree of resorption. In the case of 

Ti implants, the particles of said material have a negative 

effect on the peri-implant tissue by activating 

macrophages that promote the local secretion of 

inflammatory cytosines, causing bone loss due to a 

decrease in macrophages [50,51]. Other studies have 

found that there is little bone loss, approximately 0.5 mm 

during the first postoperative year and 0.06 to 0.08 mm 

annually thereafter. Poor oral hygiene and teeth clenching 

significantly influenced bone loss [52]. 



 

 
 In the case of Zr implants, there are studies that found 

negative results for bone resorption and no soft tissue 

recession at 26 months of follow-up [53]. Another study in 

rodents found that the inflammatory response and bone 

resorption induced by ceramic particles were much 

smaller than those induced by Ti alloys [54]. On the other 

hand, there are studies that have compared osteoclast 

reabsorption pits in bone with Ti and Zr surfaces, resulting 

in surface roughness values of 86 nm in Zr and between 

127 and 140 nm in Ti surfaces [55]. 

 In the case of the PEEK biomaterial, there are few 

studies referring to bone resorption, however a study that 

was carried out of patient-specific subperiosteal implants 

of Ti and PEEK did not find any radiographic signs of 

bone resorption, mobility, infection or prosthetic fracture 

in the patients. implants [56]. In addition, studies have 

evaluated the bone immune response in rabbits in the 

presence of PEEK and Ti, where it was found that PEEK 

shows some inhibition of bone resorption compared to Ti 

at 28 days [57]. 

 In the case of Si3N4, it was found that it causes a 

significant inhibition of the phenotypic genetic 

expressions of osteoclasts, osteoclast formation and bone 

resorption in vitro [58]. On the other hand, another study 

where the response of Si3N4 in bone formation was 

evaluated, it was found that simultaneous measurements 

of the bone resorption marker Glu-osteocalcin (that is, an 

undercarboxylated form of γ-carboxyglutamate) showed 

significant inhibition of osteoclastogenesis compared to 

that presented in Ti [59]. In addition, this material has 

been found to promote blood flow, facilitating the release 

of leukocytes that mediate bone resorption and 

inflammation [60]. 

Infections at the implant site 

Dental implants, like natural teeth, can be affected by 

infection. The two main types of dental implant infections 

that cause inflammation in the tissues (bone and gum) 

surrounding the implant are mucositis and peri-implantitis. 

Mucositis is an inflammatory reaction that only affects the 

gingiva surrounding the implant. Its equivalent in teeth is 

gingivitis. When, in addition to inflammation of the soft 

tissues, the implant has lost part of the bone that supports 

it, we speak of peri-implantitis. The equivalent in teeth is 

periodontitis. 

 In a study evaluating the presence of human 

cytomegalovirus-1 (HCMV-1) and Epstein-Barr-1 (EBV-

1) in Ti and Zr implants, it was found that 60% of people 

with Ti abutments had the EBV-1 virus, while 0% in Zr. 

In the case of HCMV-1, 90% of TI implant participants 

were found to have HCMV-1 versus 70% in Zr abutments 

[61]. On the other hand, another study found that Zr and 

Ti implants have a similar adherence to S. mutans 

bacteria, while Ti has a higher proliferation against P. 

gingivalis than Zr. In general, Ti showed higher bacterial 

viability [62]. 

 In the case of PEEK, the surface is known to have 

antibacterial properties, which depends on the topography 

of the surface and the dimensions of the surface structures 

[63], as well as the surface treatment to which it is 

subjected [64]. In addition, it has excellent antibacterial 

behavior in vitro, mainly against S. aureus and E. coli 

[65]. 

 In the case of Si3N4, it offers an inert surface that is 

resistant to bacteria and the formation of biofilms [38,39]. 

Furthermore, a recent study has shown a direct 

bactericidal effect against an oral pathogen [66]. The 

antibacterial behavior of Si3N4 is possibly related to 

surface chemistry, pH, surface texture, and electrical 

charge [41]. 

Osseointegration 

Osseointegration is the process by which a solid bond is 

produced between a dental implant and the patient's 

natural bone, or put another way, it's all about scarring. 

Osseointegration is an essential process for the 

effectiveness and success of dental implants and is 

considered the most important stage in the success of 

implants. 

 Research results have shown that pure Ti and its 

alloys show similar osseointegration and mechanical 

anchoring [67]. Ti implants demonstrate a similar ability 

to integrate soft tissue and bone, but tend to show a faster 

initial osseointegration process compared to Zr [68]. 

Furthermore, other research found that Zr implants are 

capable of establishing implant rates in contact with bone 

close to what is known for the osseointegration behavior 

of titanium implants with the same surface modification 

and roughness [69]. Finally, another study evaluated that 

there is no statistical difference between Ti and Zr 

implants regarding osseointegration [70]. 

 In the case of PEEK, some studies show that Ti 

exhibits a generally more osteogenic behavior than PEEK 

[71]. PEEK implants are considered a viable alternative to 

Ti implants, but new experimental studies are needed both 

to investigate chemical modulation and to find 

combinations that increase the implant bone interface and 

minimize stress distribution in the peri-implant bone [72, 

73]. 

 Si3N4 has a surface chemistry that accelerates bone 

repair, allowing osseointegration within the human 

environment. Elements Si and N stimulate progenitor cell 

differentiation and osteoblastic activity, ultimately 

resulting in accelerated bone growth [74]. In another study 

where human osteosarcoma cells were exposed within an 

osteogenic medium with Si3N4 powder, a more balanced 

combination of collagen and mineral fractions closer to 

the natural composition of native human bone was 

observed [75]. 

Histology 

Histology is the branch of science that allows to identify 

and analyze through electron microscopy the relationship 



 

 
between structures and functions of cells in the human 

body. In the case of superficially modified Ti implants, 

their histological response has been shown to be good 

after 5 years [76]. Another study in dogs showed that Ti 

dental implants have similar soft tissue adaptation and 

adequate bone anchorage (osseointegration). However, 

more studies are needed to determine long-term clinical 

feasibility [77]. 

 On the other hand, there are studies that have 

compared the histological response in Ti and Zr implants 

with modified surfaces. In this study, it was found that 

there is bone integration for both materials, in addition to 

not detecting statistically significant differences between 

both types of implants at any time [78]. Other work has 

verified that surface modified Zr implants show no 

differences with respect to histological and biomechanical 

results compared to an established electrochemically 

modified Ti implant surface [79]. 

 In the case of PEEK, it is known that histologically 

there is an intimate or optimal contact between the bone 

and this material, in such a way that the 

histomorphometric evaluation shows high values of the 

bone area and bone implantation for surfaces modified 

with hydroxyapatite and PEEK without modifications, 

which suggesting high bone quality around implants [80]. 

On the other hand, it has been shown that the PEEK 

biomaterial presents early bone formation with a low 

degree of mineralization, in fact, in this study no 

significant differences were found in bone volume 

densities [80]. 

 In the case of Si3N4, in vivo biocompatibility has also 

been demonstrated: implants of this material placed in the 

intramedullary cavities of rabbit femurs did not initiate 

any inflammatory reaction, and tissue formation was 

observed histologically, followed by mature bone 

formation (after 3 months) around the placed implants 

[81]. Animal studies related to implantation of screws 

made with Si3N4 were associated with satisfactory bone 

healing, and histological/radiographic evaluations showed 

a new contact between the bone and the implant on the 

screw surface. No adverse reactions were observed and the 

authors concluded that Si3N4 was suitable for facial bone 

surgery as a bio-inert material [82]. To conclude, there are 

also studies that have compared the materials Si3N4, Ti 

and PEEK in calvary rat models, where it was observed 

that the Si3N4 sections present histological characteristics 

of superior new bone around the implants tested compared 

to Ti and PEEK [83]. 

Cytotoxicity 

The cytotoxicity of dental prostheses frequently consists  

in evaluating the cytotoxic effect or the capacity they have 

to integrate into the recipient tissue. Cytotoxicity 

constitutes one of the effector mechanisms of certain 

specialized cell populations of the immune system, 

consisting of the ability to interact with and destroy other 

cells. 

 There are studies that have studied the cytotoxicity of 

Ti and Zr implants, which have reported Ti and Zr 

concentrations in the bone / tissues near the implants in 

miniature pig jaws after 12 weeks. Furthermore, the Ti 

content released by the Ti implants is twice as high as the 

Zr content released by the Zr implants. In these 

investigations they concluded that Zr implants showed less 

cytotoxicity and DNA damage compared to the results 

reported for Ti in human cells [84]. In another in vitro 

study, they reported that both TI and Zr have similar 

cytotoxicity [85] and that both materials are optimal for 

general implant application [86]. 

 In the case of PEEK, it has been found that in vitro 

cytotoxicity does not present any evidence of a cytotoxic 

effect, in addition to showing high in vitro biosafety for its 

application in implants in general [87]. Another study 

found that this material has no mutagenic or cytotoxic 

activity, that is, that the material does not release any 

substance that causes the cells to mutate [88]. 

 For Si3N4, it has been reported according to in vitro 

studies based on the ISO 10993 standard, that this material 

does not show any cytotoxicity behavior, which makes it a 

suitable material for the development of implantable 

biomedical microsystems [89]. There is also evidence in 

studies that Si3N4 has outstanding characteristics in 

cytotoxicity studies, confirming that it is extremely inert 

and biocompatible for medical applications [90]. Finally, 

there are studies that have evaluated different industrial 

formulations of Si3N4 of similar composition and none 

showed cytotoxicity [82]. 

Toxicity 

The toxicity of a material is another very important factor 

when selecting a biomaterial for implants, because it 

indicates the harmful effects on a living being, when 

coming into contact with it. 

 Although Ti is an inert bioimplant material commonly 

used in the medical and dental fields, in some cases there 

are reports of problems caused by Ti. Recent studies 

regarding the toxicity of Ti have been on the rise and have 

now expanded. Problems that can arise in Ti-based dental 

implants include the generation of ions, particles and alloy 

deposited in the surrounding tissues due to corrosion and 

wear of the implants, resulting in bone loss due to 

reactions inflammatory, which can lead to a failure of 

osseointegration of the dental implant [91]. These titanium 

ions and particles are deposited systemically and can 

cause toxic reactions in other tissues, such as yellow nail 

syndrome [92]. In addition, implant failure and allergic 

reactions can occur due to hypersensitivity reactions [93]. 

 In the case of Zr, little information is available on the 

possible adverse effects and the toxic mechanism in 

human organs associated with this ceramic biomaterial. 

Studies have reported that nanoparticle exposure leads to 

persistent oxidative stress and the promotion / inhibition 

of cell proliferation in various organs. Spleen and brain 

RNA-Seq results point to significant changes in gene 



 

 
expression. Metabolism was identified as major pathways 

in the spleen. This study demonstrates that Zr likely has 

negative impacts on various organs and presents potential 

disease risks [94]. On the other hand, another study found 

that there are alterations in lipid biosynthesis and 

metabolism due to the presence of particles of this 

ceramic. Meanwhile, the results of in vitro studies 

demonstrated that this material induces oxidative stress, 

lipid accumulation, cell apoptosis, and activation of the 

P53-mediated signaling pathway in HepG2 cells. This 

study shows that Zr has effects on the liver. There is a 

potential concern about hepatotoxicity of Zr in biomedical 

applications and occupational exposure through large-

scale production [95]. 

 The evaluation of CF-PEEK compounds have shown, 

according to studies, a mild toxicity and no hemolytic 

reaction. And the histopathological section of the systemic 

toxicity test showed that CF-PEEK compounds had no 

obvious acute toxicity to organisms [96]. Another study 

carried out with the incubation of PEEK fibers with seven 

different genotype variants of the Salmonella bacteria, 

showed that the toxic reaction in the study material 

revealed that the number of surviving colonies was within 

the range or below the solvent control. even in the 

presence of high concentrations of PEEK. Therefore, in 

summary, the study found no evidence of cellular damage 

caused by this material [88]. 

 In the case of Si3N4, there are studies carried out in 

animals, where they have evaluated the toxicity in vivo 

(zebrafish). In summary, this work reports that said 

material presents null toxicity or developmental anomalies 

in zebrafish embryos exposed to ionic dissolution 

products, up to 144 h after fertilization, which makes it a 

great potential as orthopedic implants, for applications 

such as spinal fusion cages [97]. In another study, the 

outstanding characteristic has been confirmed in toxicity 

studies, confirming that it is an extremely inert and 

biocompatible material, as well as presenting chemical 

stability against different aqueous media and physiological 

solutions. In addition, the same study demonstrated its 

non-toxicity and confirmed that this material can serve as 

a biomaterial for bone replacement in load-bearing 

prostheses [98]. 

Carcinogenicity and genotoxicity 

In the literature, although the direct carcinogenic and 

genotoxic role of dental implants has never been 

established, several theories related to corrosion and 

release of metal ions from malignant cells through the 

groove around the implant have been proposed [99]. 

 In the case of Ti, it is known that this ion is one of the 

most inert metal ions and although it has been shown that 

the particles of this material lead to an increase in the 

levels of prostaglandin E-2 and interleukin-1, it seems that 

it has not yet a clear association between Ti particles and 

cancer has been shown [100]. On the other hand, there are 

also studies that show that the Ti-6A1-4V alloy lacks 

cytotoxic and genotoxic effects in a test carried out [101]. 

However, we consider it pertinent to show studies related 

to vanadium and aluminum ions, since they are alloying in 

the implants used today. 

 In the case of vanadium, there are no data to indicate 

that this element is carcinogenic in animals or in man, but 

since it interferes with mitosis and the distribution of 

chromosomes, it indicates the possibility that vanadium 

may be carcinogenic under certain conditions. conditions, 

so it cannot be ruled out immediately [102]. In other 

studies, in human lymphocytes and leukocytes, the effect 

of vanadium induced cytotoxic, cytostatic, and 

chromosomal damage [103]. Regarding the carcinogenic 

potential, studies based on key cells have shown the 

ability of vanadium to induce genotoxic lesions, cell 

morphological transformation and antiapoptotic effects in 

a certain type of cells. Furthermore, contradictory effects 

of vanadium on immune functions of cells and probable 

cytotoxic mechanisms in neurons and glial cells have been 

observed in cell culture studies [104]. 

 In the case of aluminum, no conclusive 

epidemiological evidence has been provided that exposure 

to aluminum represents a carcinogenic hazard to man. 

Although, probably due to interference with microtubule 

polymerization, some aluminum compounds appear 

capable of producing chromosomal abnormalities [105]. 

New aluminum nanomaterials have also been found to 

cause size- and dose-dependent genotoxicity based on in 

vivo studies [106]. 

 In the case of Zr, it is known that this material does 

not cause a mutagenic or transforming effect in cells and 

can be considered suitable for biomedical applications 

from the point of view of the effects of its content of 

radioactive impurities [107]. Another in vivo study carried 

out in insects subjected to Zr nanoparticles, it was reported 

that this biomaterial is not capable of inducing genotoxic 

activity, which indicates that the nanoparticulate form of 

the nanomaterial does not modify the potential 

genotoxicity of its microparticulate versions [108]. 

However, there are also studies that have found results 

that support that zirconium oxide nanoparticles induce 

DNA damage and apoptosis [109]. 

 Regarding PEEK, studies have been carried out with 

fibers of the material with seven different genotype 

variants of the Salmonella bacteria, finding a null release 

of substances that cause cell mutation [88]. In addition, 

this material has been reported to be bio-inert and does not 

show evidence of mutagenicity, teratogenicity, and 

carcinogenicity [110]. As well as in vivo studies have 

been found that PEEK does not present cytotoxicity, 

genotoxicity and immunogenesis [111]. 

 Finally, for Si3N4 there are very few publications that 

have studied its impact in this area. Among those found is 

one that reports that Si3N4 does not release substances 

with inflammatory cytotoxic activity, oxidative stress, or 

genotoxic activity in human peripheral blood mononuclear 

cells [112]. We believe that more studies should be done 



 

 
to expand the long-term carcinogenic and genotoxic 

effects of this material. 

Hemocompatibility 

Hemocompatibility is a key property of biomaterials that 

come into contact with blood. In the case of Ti, there are 

studies that have proven hemocompatibility that include in 

vitro clotting time, thrombin time, platelet adhesion and in 

vivo implantation in the ventral aorta or right atrium in 

dogs from 17 to 90 days, demonstrating that this 

biomaterial has excellent hemocompatibility [113]. There 

are also reports that show that this biomaterial has lower 

fibrinogen adsorption, cell adhesion, platelet activation 

and blood clotting, which prevents the generation of 

thrombosis [114]. Furthermore, it has been found that the 

Ti surface can be potentially useful in tissue engineering 

constructions for bone and dental applications, as it allows 

a pre-vascularization binding of scaffolds using early and 

selective endothelial cells and improved 

hemocompatibility while at the same time supports 

proliferation and growth of mesenchymal stem cells [115]. 

In the case of Zr, it is known which thin films of this 

biomaterial have favorable hemocompatibility and 

corrosion resistance [116]. Furthermore, in vivo 

evaluation of this material indicates that it has good 

hemocompatibility in stump bearings of Dex Aide 

ventricular assist devices [117]. Similarly, in vitro studies 

have found that Zr has good hemocompatilility with 

values of less than 2% of lysis, which indicates that it is 

acceptable [118]. 

 For PEEK there are studies that have reported a null 

hemolytic reaction [119], as well as other studies have 

made superficial modifications of this material, improving 

fibrinogen adsorption, inhibition of adhesion and 

activation of platelets, achieving better anti-

thrombogenicity [120]. On the other hand, there are 

biocompatible and hemocompatible filters for blood 

filtration that use the biomaterials PEEK and CFR-PEEK, 

which indicates that this material does not present any risk 

when used in devices in contact with blood [121]. 

 For Si3N4 there are few publications related to this 

topic, however it is known that the superficial 

modification of medical implants and intervention devices 

with this biomaterial improves hemocompatibility in 

addition to acquiring less adhesion and platelet activation 

[122]. In other work, it was found that coatings with Si3N4 

may be a great candidate for the development of anti-

thrombogenic surfaces on materials that come into contact 

with blood [123]. 

Vascularization 

The clinical success of implanted materials depends not 

only on osseointegration but also on neovascularization in 

the peri-implant bone. It is well known that the efficient 

vascularization of dental implants reduces the risks of loss 

[124]. Furthermore, angiogenesis is the physiological 

process that involves the formation of new blood vessels 

from the pre-existing vessels formed in the early stage of 

vasculogenesis. The critical role of angiogenesis in 

regenerative dental procedures, dealing with the dentin-

pulp complex and regeneration of the dental pulp, has 

recently been highlighted [125]. 

 In the case of Ti, there are several studies that have 

discussed the effect of the alloys of this biomaterial, the 

characteristics of the surface of dental implants and the 

treatments on the angiogenesis process. However, in vivo 

and clinical studies addressing the effect of angiogenesis 

in treatments using bone grafts and barrier membrane 

materials are still lacking [126]. Furthermore, some 

studies show that the microenvironment change induced 

by surface-modified Ti implants promotes adhesion, 

recruitment and proliferation of derived mesenchymal 

stem cells and facilitates coupled osteogenesis and 

angiogenesis in bone healing [127]. In other studies where 

PEEK and Ti biomaterials were compared, it was found 

that cells stimulated with Ti alloy generate a 

microenvironment that stimulates the osteogenic-

angiogenic. Osteogenic-angiogenic responses to Ti alloy 

were greater than PEEK and greater in rough Ti alloy than 

in smooth Ti alloy. The characteristics of the surface 

regulate the expression of integrins important in collagen 

recognition. These factors can increase bone formation, 

improve integration, and improve implant stability in 

spinal interbody fusions [128]. 

 In the case of Zr, studies have found that the 200 μm 

wide and 100 μm deep microchannels of this material 

present greater capillarity, thus being promising solutions 

for promoting the vascularization of implants and 

consequently better osseointegration [129]. In another 

study carried out with Ti and Zr materials, it was observed 

that both materials present a similar pattern of bone 

healing and high vascularization [130]. 

 Regarding PEEK, there are studies that have 

evaluated the biological response of particles of this 

biomaterial in the spinal cord and nerve roots, finding 

normal vascularization and adherence of particles to the 

connective tissue, in addition to not finding necrosis or 

swelling [131]. Also, studies have found the addition of 

porosity to be a common modification to improve 

vascularity and methods to create porous PEEKs have 

been reported [132]. Finally, there are mouse models of 

biomimetic scaffold craniotomy with PEEK, finding 

excellent osteoinductive and angiogenic properties, which 

makes it a material for regenerative medical applications 

[133]. 

 For the Si3N4 biomaterial, bone-implant contact has 

been observed in rabbit models through scanning electron 

microscopy, the development of vascular structures in 

newly formed bone, which indicates the quality of bone 

healing [134]. Also, in different studies they have found 

that this biomaterial is a highly porous ceramic, which 

allows the promotion of angiogenesis and vascularization 

for bone generation [135]. In addition, in rabbit femoral 

models, the creation of new vessels and bone tissues in 



 

 
Si3N4 was found through micro computational 

tomography, as well as promoting vascularization, 

osteogenesis and osseointegration in vivo [136]. 

Mechanical properties 

From a biomechanical point of view, the occlusal forces 

exerted on dental implants by the mandibular muscles 

present the same type of loads as a natural tooth. For this 

reason, it is important that the biomaterial of the implants 

have the mechanical capacity to withstand these forces 

and moments efficiently without neglecting other 

important physical characteristics such as weight, 

hardness, resistance to fatigue, among others. 

 For Ti-6A1–4V alloy implants it is known that the 

elastic limit ranges between 270 and 530 Mpa and its 

maximum compressive strength between 390 and 600 

Mpa [137], while other studies have evaluated that it 

presents values of 40 Mpa [138]. On the other hand, the 

fatigue resistance varies according to the surface quality, 

where the smooth finishes subjected to hydrogen alloy 

treatments present approximate values of 643-669 MPa, 

while the fatigue resistance of the same alloy with 

annealing in β presents the average value of 497 MPa and 

finally the fatigue resistance of the same alloy but with 

prebaked and equiaxial is 590 MPa [139]. In the case of 

surface hardness, the Rockwell C hardness is known to be 

36 [140]. Finally, the flexural strength of this alloy is 

approximately 48-320 Mpa [141]. 

 In the case of Zr, it is known that its properties are 

similar to those of stainless steel, that is, it has a 

compressive strength of approximately 2000 MPa [142]. 

In addition, the values of its elastic limit have been 

reported to be between 250-310 Mpa, while its hardness is 

approximately 41 Rockwell C and flexural strength is 620 

MPa [143]. In the case of Zr fatigue, it has been found that 

it presents values of approximately 1200 Mpa [144]. 

 For the PEEK biomaterial in many medical fields, it is 

known that it presents mechanical properties similar to 

bone, these iso-elastic characteristics lead to suppose that 

it could represent a viable alternative to conventional 

materials in the field of dentistry. The results reported in 

studies regarding the flexural modulus range between 

170.37 ± 19.31 MPa for an unfilled brand and 1009.63 ± 

107.33 Mpa for a PEEK reinforced with carbon fiber or 

CFR-PEEK [145]. On the other hand, the elastic limit of 

this material is 107.62 ± 8.23 MPa for samples of a CFR-

PEEK compound [146]. In the case of hardness, this 

material has a value of 85 according to Rockwell M, while 

it has an approximate value of compressive stress of 138 

MPa [73]. Finally, in the case of fatigue, it has been 

reported that the maximum values are between 100-102.5 

Mpa [147]. 

 In the case of Si3N4, it is known that its stress due to 

bending can vary between the values 552-735 Mpa [148, 

149]. In the case of compression stress, it has been found 

to have the value of 720 Mpa, while its hardness 67, 

Rockwell 45N [150] has been evaluated. Regarding the 

elastic limit, it has been evaluated that it is approximately 

160 MPa [151]. Finally, the fatigue stress values are 

known to have the average value of 300 MPa [152]. 

In vivo studies 

In vivo studies are undoubtedly one of the most important 

steps in the application of biomaterials, since it allows us 

to observe the real behavior within an organism. In the 

case of Ti, there is a large number of investigations carried 

out in animals [153-155], as well as in humans [156-158], 

making it a relatively safe material. In the case of Zr, the 

publications are a little more limited, however there are 

different studies carried out in animals in vivo [159-161], 

and in humans [162,163]. For PEEK, in vivo studies in 

animals are scarce, however interesting results have been 

found [164-166]. On the other hand, in the case of 

humans, applications have been made mainly focused on 

surgical procedures such as: spine surgery [167], 

orthopedics [168], maxillofacial [169] among others 

[170]. Finally, Si3N4 there are very few publications in in 

vivo studies, but despite this there are some works 

reported in animals [37,83,171]. Finally, in the case of 

human studies, spinal and lumbar prosthetic applications 

have been made [172,173]. 

FDA authorization 

The Food and Drug Administration (FDA) [174] is one of 

the international agencies of the United States government 

responsible for regulating food (for both humans and 

animals), drugs (human and veterinary), cosmetics, 

medical devices (human and animal), biological products 

and blood derivatives that play a very important role in the 

acceptance and application of materials for medical uses. 

 In the case of Ti, it is a widely used material because 

it began to be used in the 1940s when it was introduced in 

the field of medicine. It was Bothe, Beaton and 

Dnvenportl who, through implantation in animals, 

observed its excellent biocompatibility comparable to that 

of stainless steel or Vitallium (CoCrMo) [175]. Ti is 

currently an FDA cleared material [176,177]. 

 For Zr, it is known that it became more widely known 

from the fracture of the femoral heads that occurred at the 

beginning of the year 2000, where it was proposed that 

this biomaterial could be the solution to these failures. 

Biomedical-grade zirconia was introduced more than 35 

years ago to solve the problem of alumina brittleness and 

consequent potential implant failure [178]. The Zr 

currently has certifications in Europe (CE) as well as the 

FDA / Canada [179,180] and ANVISA, Brazil [181,182] 

for use in orthodontics and other areas. 

 In 1998, the Victrex® company commercialized 

PEEK-OPTIMATM for the first time, a biomaterial for 

medical use that allows the manufacture of different high-

performance implants. Independent testing laboratories 

have performed biocompatibility tests for the relevant 

parts of ISO 10993 and for USP Class VI plastics with 

excellent results. The DMF and MAF files containing the 



 

 
results of these tests have been submitted to the FDA 

[183]. Currently, the PEEK biomaterial is a biomaterial 

approved by the FDA for biomedical use, mainly for 

applications in spinal devices [184]. Today the FDA 

continues to conduct studies on the application of 

vertebral disc replacement [185]. 

 Si3N4 was first prepared in 1857 and was little more 

than a chemical curiosity. However, as its benefits became 

known, the compound began to be used in multiple 

industries in the late 1940s. Today, it is a key component 

as it is a biocompatible material that is stronger than bone 

and bone. PEEK, accepted by the human body, compatible 

with all imaging technologies, is anti-pathogenic, non-

toxic, and well suited for medical device applications 

[186]. 

 Si3N4 is antiviral and antibacterial [187]. Recent 

studies have shown that AP2 silicon nitride powder kills 

SARS-CoV-2 faster than other antipathogenic materials 

[188]. As a biomaterial, it also offers more advantages 

than titanium or PEEK [189]. This material is currently 

approved by the FDA for the manufacture of medical 

devices such as [190]: cervical and thoracic spine devices, 

joint replacement, and its use for dental implants is even 

being considered [191]. 

Discussion 

Dental implants based on Ti alloys have proven for years 

to be the star material, thanks to their various properties. 

However, new advances in biomaterials have generated 

the necessary technological conditions to implement and 

support the physical, chemical, biological and 

biomechanical conditions necessary in the new 

generations of dental implants. 

 As we have seen in the review, there are other 

materials capable of matching and even exceeding the 

properties of Ti, however much in vivo research still needs 

to be done to validate the feasibility of its use in humans, 

despite the fact that the materials are safe for use. to 

agencies such as the FDA. 

 In order to contrast the different materials reviewed in 

this article, Table 1 is shown, where the relationship 

between the studied aspects of each material is found, 

considering an assessment of 1 to 5 asterisks (*). Where: * 

= Bad, ** = Regular, *** = Fair, **** = Good and ***** 

= Excellent. 

 The weighting shown in Table 1 was constructed 

from the studies shown in the review and also based on 

experience in the area of dental implants and biomedical 

engineering of materials. We consider that the Peek and 

Si3N4 materials present interesting and promising 

properties to be considered for the implementation in 

dental implants. In the case of Zr there are implants in use 

today and they are being used mainly for having a better 

aesthetic appearance, resistance, durability, but without a 

doubt the main advantage is that it is an option for patients 

allergic to metallic materials. Finally, in the case of Ti, 

there is a considerable number of studies that reveal, on 

the one hand, its extraordinary properties for implants, 

however there are also a number of publications that have 

found some contraindications that are important to 

consider.  

 In the following Fig. 3, the implants with the different 

materials can be seen. 

 

Fig. 3. Dental implants with materials. 

Table 1. Comparison of the most important aspects of a biomaterial for 

implants. 

  Ti Zr Peek Si3N4 
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Biofilm formation ** *** **** ***** 
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Reabsorption *** **** **** **** 
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Infection at the implant 

site 
*** **** ***** ***** 
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Osseointegration ***** **** *** **** 
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Histology *** *** **** ***** 
 

  

 Cytotoxicity ** *** ***** ***** 

 Toxicity ** ** **** ***** 

 
Carcinogenicity / 

Genotoxicity 
**** **** ***** **** 

 Hemocompatibility ***** **** ***** **** 

 Vascularization ***** **** *** ***** 

 Mechanical properties **** ***** *** ***** 

 In vivo study ***** **** *** *** 

 FDA Authorization Yes Yes Yes Yes 



 

 

Conclusion & future prospective 

Advances in biomaterial engineering is a very promising 

area of research that will allow the revolutionization of 

implants in the implantology sector. One of the most 

optimistic aspects is the creation of devices capable of 

adapting to increasingly demanding users and offering 

more efficient implants, which requires having new types 

of materials. 

 The biomaterials of Zr, Peek and Si3N4 in comparison 

with the implants of Ti is that today there is more research 

and evidence. We believe that more studies of these 

biomaterials are necessary to confirm the promising 

results in the short and medium term. However, within the 

framework of the review of this article we can conclude 

that its predictions of success could approach and even 

exceed those of Ti. 

 We believe that in the near future, the development of 

new implants based on other biomaterials will be able to 

offer a new generation of properties, with the possibility 

of being more compatible, light, safe, resistant and at a 

lower cost for users. 
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