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Abstract: Contemporary medicine is unimaginabile without biotechnological involvment in diagnostic and therapeutic purpouses, but 

sometimes the discovery and application of new materials go faster then the understanding and adoption of the knowledge about the 

consequences for our organism. Understanding of biological processes at the microscopycal and molecular level would lead to better 

integration of biomaterial with human body environment. The primary aim of this review was to evaluate the potential microbiological 

effect after biomaterial and implant insertions to oral microbiota. The secundary aim was to evaluate if such microbiological shift has 

any effect to surgical wound-healing, post-implant tissue reaction or rejection of implanted biomaterial. The third aim was to question 

previous results of similar reviews and studies regarding microbiological role in improving therapeutic responses after biomaterial 

implantation in dental medicine. A comprehensive systematic search via Web of Science, Scopus and PubMed databases was 

conducted. The data synthesis showed similar results among clinical studies and several reviews with ambiguous conclusions leaving 

numerous questions without straight answers. We hypothesized that relationship between host microbiome and biomaterial insertion 

is mutual, but within the limitations of this review, the interaction between host-oral microbiota and material inset remains uncharted 

territory. 
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Introduction 

Throughout history, medicine has evolved to cure various pathological conditions and for the last several decades it has 

an additional role in improving quality of life while extending life expectancy. It is difficult to analyze the evolutionary 

path of medicine without its connection to technology. Improvement of contemporary medicine is not possible without 

biotechnological advances in diagnostic and therapeutic purposes. In addition, technology has changed the whole 

paradigm of our lives. With a scientific progress in fundamental natural science, such as physics, chemistry and biology, 

and subsequent discovery and development of new materials, came better understanding of their possible applications 

in medicine [1]. The treatment of various health issues, including healing wounds, immobilization of broken limbs, 

replacement of anatomical deficits requires biomaterials to shorten the treatment, and to extend and improve the quality 

of life [1], [2]. Today, the development of science and technology opened the door to new studies of material structure 

https://orcid.org/0000-0001-9890-2755
https://orcid.org/0000-0002-8250-723X
https://orcid.org/0000-0003-0692-5437


International Journal of Dental Biomaterials Research 2023, 1, 13-21 2 

  

 

and its properties on the molecular level [2], [3]. Materials are manipulated experimentally, adding or subtracting 

undesired characteristic depending on the application, and by combining different materials it became possible to merge 

their features as well [3]. Biomaterials, no matter how biological they are, still represent a group of foreign bodies 

implanted in the human organism. In order for such materials to become more natural and less foreign, huge resources 

are being dedicated to research about their effect on human body, both on macroscopic level and increasingly on 

microscopic, even nanoscopic level [3]. One of the leading beneficiaries in the biomaterial research has certainly been 

dental medicine, which is increasingly becoming a part of aesthetic medicine, and therefore a profitable area for 

investment that will also enable scientific advances related to clinical applications. Through this review, we analyze the 

impact of biomaterials on the human microbiome. 

The microbiome represents a community of microorganisms (such as fungi, bacteria and viruses) that co-exists in a 

particular environment. In humans, the term is often used to describe the microorganisms that live in or on a particular 

part of the body, such as the skin or gastrointestinal tract [4]. These groups of microorganisms are dynamic and change 

in response to environmental factors of the host, such as exercise, diet or medication. The concept also includes microbial 

genetic material, while the term microbiota describes only microorganisms. The total number of cells in our organism is 

approximately 1014, and the number of microbiota cells is about 1015, which means the ratio of our genes and microbiota 

is greater than 100:1 in favor of the microbiota [4]. The concept of the human microbiome was first proposed by 

molecular biologist Joshua Lederberg in year 2001. The term microbiome was introduced to denote the ecological 

community of commensal, symbiotic and pathogenic microorganisms that literally share space in the human body [4]. 

The interactions between the microbiome and the human immune system are numerous, complex and, in fact-the most 

important, a two-way road. There are many questions, but we can assume with certainty that the discovery of the 

microbiome has changed our view about human body. With the ending of the human genome project, began the human 

microbiome project and research for this topic has become overwhelming, thankfully to the development of technology 

[5]. Today, almost every disease or pathological condition of unknown etiology includes some disorder in the microbiome 

[4], [6]. Every manipulation and intervention on humans, either diagnostic, therapeutic, restorative, or aesthetic; 

chemical or biological, certainly brings some change in human microbiome. However, is this change temporary and 

reversible or is it permanent? 

Dental composites and biomaterials are routinely utilized in restorative dental procedures. These procedures are now 

accessible to the general public, but their longevity and their effect on the human body will probably become evident in 

a several decades. The integrity of the implanted material and its durability certainly depends on the metabolic activities 

of the oral microbiome. Therefore, many new antimicrobial dental materials have been developed in the last few 

decades. But is the antimicrobial trait desirable feature for a patient or a safety net for the oral surgeon? Is any 

biomaterial adaptation responsible for further disturbances in the balance of the microbial community (Figure 1)? 

Theoretically, an ideal biomaterial should trigger a minimal possible reaction of the microbiota but is this even 

achievable? Such research is very demanding and complex because in vitro will never represent in vivo, and moreover, 

each person has its own, specific microbiome and immune system. Everyone has a distinctive microbiome same as a 

fingerprint [7]. Even identical twins have some differences in microbiome components [4], [8]. It implies personalized 

medicine and an individual approach to each patient. 

Oral microbiology and the research of dental materials are faced with an additional challenge - the oral biofilm. The 

evaluation of implants intended for primarily sterile areas of the organism is less demanding because the anatomical 

niche of their placement requires absolute microbiological cleanliness. On the contrary, dental materials should be 

biocompatible materials that are resistant to mechanical, chemical, and biological degradation, including exposure to 
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chewing and grinding forces, contact with eukaryotic (human, fungal) and prokaryotic (bacterial) cells organized into their 

own biofilm communities. 

 

Figure 1. Do biomaterials need extensive and versatile adaptations? What is the final result of those multiple variant 

modifications to our organism? 

 

This aspect is of fundamental importance to medicine development as the oral cavity has been inhabited with distinct 

microbial communities, which contribute to the general health but nevertheless have been associated with systematic 

diseases affecting the human organism as a whole. Therefore, a dysbiosis can not only affect the implant material, the 

following healing process and final results but also lead to complete health problems. What about biochemical properties 

of saliva and the food or drinks we consume on everyday basis? It is perhaps the last b ut most important factor that 

affects biomaterials in the oral cavity because they do not only have a direct impact on the material, but also determine 

the metabolic activity of the microbiome. The effect of the microbiome on biomaterials depends about the composition 

of saliva. The most abundant enzyme in saliva is alpha-amylase, which catalyzes the hydrolysis of starch [9]. The ability 

to directly bind amylase is conserved among streptococci, which are important early inhabitants of any oral biofilm. Many 

studies have shown that even the inorganic components of saliva - calcium and magnesium ions play an important role 

in the utilization of amylase by streptococci, while the chelation of both cations reduces the binding of streptococci to 

the biomaterial [10]. Currently, oral diseases are best described as problems of oral ecology, which is also called dysbiosis, 

meaning an ideal dental material should have immunomodulatory and bioactive properties [11], [12]. Special interest is 

given to molecular and genetic level of research, which should answer the question how to integrate knowledge about 

the evolution of genes (human, microbial) to solve the challenges that arise as a response of macro and microorganisms 
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to the presence of biomaterials over several decades. However, a question arises whether biomaterials should have 

antimicrobial effect at all? Or should we strive to design a material whose composition will also benefit the microbiota, 

with the ultimate effect of preventing dysbiosis?  

The answer is still elusive, whereby finding the ideal solution requires an interdisciplinary approach.                                                                                                                                                                                         

Almost 90% of the world's population suffers from oral dysbiosis [6]. The effect of such pathological changes in the oral 

cavity varies from gingivitis and chronic periodontitis to the final destruction of periodontal tissue and tooth loss. The 

primary site of periodontal infection is the space between the root of the tooth and the gingiva - the subgingival tissue, 

which, as the disease progresses, can deepen into the periodontal pocket [6]. This specific anatomical niche represents 

the ideal conditions for the development and proliferation of small but hard-to-reach smoldering infections that not only 

causes local inflammation but also can be the source of focal infections with the effect somewhere else in the body. It is 

considered that periodontitis occurs because of disturbed equilibrium in the dental plaque [13]. It is a microbial biofilm 

composed of microorganisms that represent normal flora of the oral cavity [13]. Although dental plaque is the most 

widespread sessile community of microbes in humans, we all have it and it is impossible to avoid it, clinical signs of 

periodontitis occur only when chronic presence of dental plaque causes an immune response and inflammation [14]. This 

happens due to the sensitivity of the host or a change in the conditions in the microenvironment of the oral cavity (Figure 

2) [15], [16]. 

 

Figure 2. Individual variations of the immune system at the molecular level can significantly change the outcome of 

biomaterial implantation. 

 

The sensitivity of the host is determined by genetic and environmental factors and acquired habits such as exposure to 

cigarette smoke [14]. Although the host's inflammatory response serves as protective mechanism, if it is excessive or 

insufficient, destruction of gingival and periodontal tissue can occur [14]. The expression of microorganism`s virulence 

factors of and the increase in pH value contribute to tissue destruction, which changes the microenvironment in the oral 

cavity [13], [15]. Predominant inhabitants of the early biofilm are streptococci, such as the bacteria Streptococcus 

gordonii, Streptococcus sanguis, Streptococcus oralis, Streptococcus parasanguis and numerous other members of the 

normal flora in the oral cavity [17]. But what is normal oral microflora? It is difficult to clearly define what represents a 
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normal microbiota in the oral cavity. It is a variable community of different microorganisms, and it is almost impossible 

to say who is the observer and who is the cause of pathological processes, when they occur (Figure 3). 

 

Figure 3. The same members of the microbiota can play different roles in the pathology of the oral cavity. 

 

Ultimately, microorganisms act as a community - together, and if an infection spreads, it is always mixed and 

multifactorial [18]. Factors that favor streptococci as first colonizers are the expression of adhesin proteins that recognize 

receptors on the conditioning film, the ability to metabolize saliva components as the only sources of nutrients, and the 

distinct ability to coaggregate [19]. Through the process of coaggregation - intercellular recognition and adherence of 

genetically different bacteria, and metabolic interactions of other bacteria with streptococci, the early biofilm soon 

becomes a multigeneric microcommunity consisting of aerobic and aerotolerant bacterial species of the genera Gemella, 

Actinomyces, Veillonella, Haemophilus and Neisseria [20]. For instance, the bacterium Fusobacterium nucleatum is 

considered to be the key-mediator of the co-aggregation process between early and late colonizers in dental plaque [21]. 

Furthermore, it is believed that this gram-negative bacterium promotes the anaerobic microenvironment that allows 

strictly anaerobic, the very late colonizers to survive in an aerobic atmosphere. Those latecomers are gram-negative 

anaerobic bacteria, such as Porphyromonas gingivalis, Tanerella forsythensis and Treponema denticola [22]. The 

prevention of periodontitis is based on the control of oral biofilm formation, but for now, mechanical removal and 

chemical control have proved unsuccessful [13]. New strategies to prevent the formation of oral biofilm, such as 

interference of signal transduction in the biofilm, modification of the tooth surface, replacement of potentially 

pathogenic with genetically modified, less virulent microorganisms, and immunization, are just the beginning of efforts 

to control the complex microbial community [13], [23]. Is there a biomaterial resistant to plaque formation? The future 

will tell which of these strategies will be successful in preventing and controlling oral biofilm. Does the control-key lie in 

the use of probiotics? Many nutritional supplements, such as chewing gums containing probiotic bacteria, are 

recommended for the purpose of oral health [23], [24]. Inflammatory bowel diseases are additionally treated with 
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probiotics, some disorders even with fecal transplantation [4], [24]. Is this experimental self-medication? How rational is 

it to interfere with one's own microbiome, which is subject to natural fluctuation only during the first few years of l ife 

and after that remains constant with only occasional violations of integrity due to the use of antibiotics  [24]? The 

consumption of probiotics is still in the sphere of controversy, regardless of the indication for use, and always a good idea 

for clinical research, although the results are so far debatable [23], [24].  

Common strategies to prevent microbial colonization of materials include surface modification of biomaterials. This 

includes the determination of topography by atomic force microscopy, modulation of hydrophilicity or incorporation of 

components that serve as protein repellents for microbial adhesion or disrupt the integrity of the microorganism cell 

membrane [25], [26]. The main problem seems to be the overabundance of certain microbes, not their general presence 

or absence [26]. It has been shown that biomaterials mainly affect biofilm composition, gene expression and protein 

production [27], [28]. Does this mean that future research should focus on transcriptomics and proteome analysis? So 

far, similar research has been documented only for Streptococcus mutans [28], [29]. In addition to the topography of the 

biomaterial surface, the composition of the biofilm is also affected by the structure of material. This was especially shown 

by studies in which modified acrylic dental resins were used, which contain antimicrobial substances such as silver 

derivatives [30]. How long would that effect last in vivo? What does the future bring us? Most microbes are incredibly 

adaptable, especially during chronic exposure to a particular stressor [31]. There are several reasons for this, one of them 

being the exchange of genetic material. It has been shown that numerous dental biofilm bacteria, especially streptococci, 

can develop a physiological ability to actively take up extracellular DNA [32]. This feature is especially induced in the 

conditions of biofilm growth and enables, among other things, the exchange of antibiotic resistance genes [33]. The 

question arises, can our own oral cavity become reservoir of multi-resistant microbes? Microorganism stress is a classic 

trigger for the horizontal exchange of genetic material, as well for mutations of the bacterial chromosome, which 

responds to environmental conditions with much faster adaptation (change) than any eukaryotic organism [34], [35]. 

Nevertheless, the speed and direction of microbial evolution will probably never be surpassed or predicted. Another 

strategy of microbes in the evolvement of insensitivity to antimicrobial substances is the emergence of persisters. 

Persisters are metabolically inactive subpopulations of microbes in the biofilm [6]. Such cells show an increased ability to 

survive and after (re)activation show increased expression of the gtf gene responsible for the production of the 

extrapolysaccharide matrix, the basic component of any biofilm [36]. Fortunately, persisters usually are only a small 

proportion of the total biofilm population, but they can be the reason for the regeneration of a depleted microbial 

community, with the potential emergence of new variants. 

However, future looks bright judging by the results of recent research and gives hope in the fight against biomaterial 

infections [37]–[40]. How long will it last? The road from novel scientific discovery to professional application is far and 

slow. By now microorganisms have always quickly found a way to adapt against our measures and solutions. In this 

competition, time works against us. We rely so much on technology that it changes us, our view of human body and bring 

many new questions without clear answers. Does the correct approach already lie within ourselves [41]?                                                                                               

 

Conclusions 

The biomaterial connection to our microbiome represents uncharted frontier. We still lack a lot of knowledge about the 

influence of dental materials to the ecology of any microbiome. Likewise, there is a very superficial understanding about 

relationship of the dental material chemical composition to the microbiome transcriptome. However, this is an important 

area of research that may predict the clinical efficacy of new materials. Maybe it's not the composition of the microbiota 

that matters at all, but gene expression or the activity of the microbial community. Ultimately, the success of inventing 
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an ideal biomaterial, the smart bioactive materials of the next generation, will certainly be the result of interdisciplinary 

cooperation between scientists, materials experts, molecular biologists, and clinicians. 

 

Funding and conflict of interest statement: The authors claim no funding or any conflict of interest. 

 

References 

[1] N. Huebsch and D. J. Mooney, ‘Inspiration and application in the evolution of biomaterials’, Nature, vol. 462, no. 

7272, pp. 426–432, Nov. 2009, doi: 10.1038/nature08601. 

[2] H. Wang, ‘Biomaterials in Medical Applications’, Polymers, vol. 15, no. 4, pp. 847–847, Feb. 2023, doi: 

10.3390/polym15040847. 

[3] L. Rodríguez-Arco, A. Poma, L. Ruiz-Pérez, E. Scarpa, K. Ngamkham, and G. Battaglia, ‘Molecular bionics – 

engineering biomaterials at the molecular level using biological principles’, Biomaterials, vol. 192, pp. 26–50, Feb. 

2019, doi: 10.1016/j.biomaterials.2018.10.044. 

[4] Antal Ivana, ‘Ljudska mikrobiota i mikrobiom’, Acta Med. Croatica, vol. 73, no. 1, pp. 3–11, 2019. 

[5] D. Gevers et al., ‘The Human Microbiome Project: A Community Resource for the Healthy Human Microbiome’, 

PLoS Biol., vol. 10, no. 8, pp. e1001377–e1001377, Aug. 2012, doi: 10.1371/journal.pbio.1001377. 

[6] Vraneš Jasmina and Leskovar Vladimira, ‘Značenje nastanka mikrobnog bioilma u patogenezi i liječenju kroničnih 

infekcija’, Med. Glas., vol. 6, Aug. 2009. 

[7] N. Fierer, C. L. Lauber, N. Zhou, D. McDonald, E. K. Costello, and R. Knight, ‘Forensic identification using skin 

bacterial communities’, Proc. Natl. Acad. Sci., vol. 107, no. 14, pp. 6477–6481, Apr. 2010, doi: 

10.1073/pnas.1000162107. 

[8] J. R. Willis and T. Gabaldón, ‘The Human Oral Microbiome in Health and Disease: From Sequences to Ecosystems’, 

Microorganisms, vol. 8, no. 2, pp. 308–308, Feb. 2020, doi: 10.3390/microorganisms8020308. 

[9] C. Boehlke, O. Zierau, and C. Hannig, ‘Salivary amylase – The enzyme of unspecialized euryphagous animals’, Arch. 

Oral Biol., vol. 60, no. 8, pp. 1162–1176, Aug. 2015, doi: 10.1016/j.archoralbio.2015.05.008. 

[10] L. Deng et al., ‘Oral Streptococci Utilize a Siglec-Like Domain of Serine-Rich Repeat Adhesins to Preferentially 

Target Platelet Sialoglycans in Human Blood’, PLoS Pathog., vol. 10, no. 12, pp. e1004540–e1004540, Dec. 2014, 

doi: 10.1371/journal.ppat.1004540. 

[11] M. Kilian et al., ‘The oral microbiome – an update for oral healthcare professionals’, Br. Dent. J., vol. 221, no. 10, 

pp. 657–666, Nov. 2016, doi: 10.1038/sj.bdj.2016.865. 

[12] R. J. Lamont, H. Koo, and G. Hajishengallis, ‘The oral microbiota: dynamic communities and host interactions’, Nat. 

Rev. Microbiol., vol. 16, no. 12, pp. 745–759, Dec. 2018, doi: 10.1038/s41579-018-0089-x. 

[13] A. A. Scheie and F. C. Petersen, ‘The Biofilm concept:Consequences for Future Prophylaxis of Oral Diseases?’, Crit. 

Rev. Oral Biol. Med., vol. 15, no. 1, pp. 4–12, Jan. 2004, doi: 10.1177/154411130401500102. 

[14] P. M. Preshaw, R. A. Seymour, and P. A. Heasman, ‘Current Concepts in Periodontal Pathogenesis’, Dent. Update, 

vol. 31, no. 10, pp. 570–578, Dec. 2004, doi: 10.12968/denu.2004.31.10.570. 

[15] L. Sbordone and C. Bortolaia, ‘Oral microbial biofilms and plaque-related diseases: microbial communities and their 

role in the shift from oral health to disease’, Clin. Oral Investig., vol. 7, no. 4, pp. 181–188, Dec. 2003, doi: 

10.1007/s00784-003-0236-1. 

[16] C. H. Alves et al., ‘Host-microbiome interactions regarding peri-implantitis and dental implant loss’, J. Transl. Med., 

vol. 20, no. 1, pp. 425–425, Sep. 2022, doi: 10.1186/s12967-022-03636-9. 



International Journal of Dental Biomaterials Research 2023, 1, 13-21 8 

  

 

[17] P. I. Diaz et al., ‘Molecular Characterization of Subject-Specific Oral Microflora during Initial Colonization of 

Enamel’, Appl. Environ. Microbiol., vol. 72, no. 4, pp. 2837–2848, Apr. 2006, doi: 10.1128/AEM.72.4.2837-

2848.2006. 

[18] A. Shavandi, P. Saeedi, P. Gérard, E. Jalalvandi, D. Cannella, and A. E. Bekhit, ‘The role of microbiota in tissue repair 

and regeneration’, J. Tissue Eng. Regen. Med., vol. 14, no. 3, pp. 539–555, Mar. 2020, doi: 10.1002/term.3009. 

[19] Palmer Robert J., S. M. Gordon, J. O. Cisar, and P. E. Kolenbrander, ‘Coaggregation-Mediated Interactions of 

Streptococci and Actinomyces Detected in Initial Human Dental Plaque’, J. Bacteriol., vol. 185, no. 11, pp. 3400–

3409, Jun. 2003, doi: 10.1128/JB.185.11.3400-3409.2003. 

[20] P. E. Kolenbrander, N. Ganeshkumar, F. J. Cassels, and C. V. Hughes, ‘Coaggregation: specific adherence among 

human oral plaque bacteria’, FASEB J., vol. 7, no. 3, pp. 406–413, Mar. 1993, doi: 10.1096/fasebj.7.5.8462782. 

[21] P. E. Kolenbrander, ‘Oral Microbial Communities: Biofilms, Interactions, and Genetic Systems’, Annu. Rev. 

Microbiol., vol. 54, no. 1, pp. 413–437, Oct. 2000, doi: 10.1146/annurev.micro.54.1.413. 

[22] P. S. Kumar, A. L. Griffen, M. L. Moeschberger, and E. J. Leys, ‘Identification of Candidate Periodontal Pathogens 

and Beneficial Species by Quantitative 16S Clonal Analysis’, J. Clin. Microbiol., vol. 43, no. 8, pp. 3944–3955, Aug. 

2005, doi: 10.1128/JCM.43.8.3944-3955.2005. 

[23] S. Sayardoust, A. Johansson, and D. Jönsson, ‘Do Probiotics Cause a Shift in the Microbiota of Dental Implants—A 

Systematic Review and Meta-Analysis’, Front. Cell. Infect. Microbiol., vol. 12, Mar. 2022, doi: 

10.3389/fcimb.2022.823985. 

[24] C. M. Guinane and P. D. Cotter, ‘Role of the gut microbiota in health and chronic gastrointestinal disease: 

understanding a hidden metabolic organ’, Ther. Adv. Gastroenterol., vol. 6, no. 4, pp. 295–308, Jul. 2013, doi: 

10.1177/1756283X13482996. 

[25] ThiagoA. L. Burgo, G. K. R. Pereira, B. A. Iglesias, K. S. Moreira, and L. F. Valandro, ‘AFM advanced modes for dental 

and biomedical applications’, J. Mech. Behav. Biomed. Mater., vol. 136, pp. 105475–105475, Dec. 2022, doi: 

10.1016/j.jmbbm.2022.105475. 

[26] J. Kreth, J. Merritt, C. S. Pfeifer, S. Khajotia, and J. L. Ferracane, ‘Interaction between the Oral Microbiome and 

Dental Composite Biomaterials: Where We Are and Where We Should Go’, J. Dent. Res., vol. 99, no. 10, pp. 1140–

1149, Sep. 2020, doi: 10.1177/0022034520927690. 

[27] A. Butera, M. Pascadopoli, M. Pellegrini, S. Gallo, P. Zampetti, and A. Scribante, ‘Oral Microbiota in Patients with 

Peri-Implant Disease: A Narrative Review’, Appl. Sci., vol. 12, no. 7, pp. 3250–3250, Mar. 2022, doi: 

10.3390/app12073250. 

[28] S.-L. Chen et al., ‘The gut microbiota regulates acute foreign body reaction and tissue repair after biomaterial 

implantation’, Biomaterials, vol. 289, pp. 121807–121807, Oct. 2022, doi: 10.1016/j.biomaterials.2022.121807. 

[29] L. Sadeghinejad, D. G. Cvitkovitch, W. L. Siqueira, J. P. Santerre, and Y. Finer, ‘Triethylene Glycol Up-Regulates 

Virulence-Associated Genes and Proteins in Streptococcus mutans’, PLOS ONE, vol. 11, no. 11, pp. e0165760–

e0165760, Nov. 2016, doi: 10.1371/journal.pone.0165760. 

[30] D. T. de Castro, C. do Nascimento, O. L. Alves, E. de Souza Santos, J. A. M. Agnelli, and A. C. dos Reis, ‘Analysis of 

the oral microbiome on the surface of modified dental polymers’, Arch. Oral Biol., vol. 93, pp. 107–114, Sep. 2018, 

doi: 10.1016/j.archoralbio.2018.06.005. 

[31] S. M. Soucy, J. Huang, and J. P. Gogarten, ‘Horizontal gene transfer: building the web of life’, Nat. Rev. Genet., vol. 

16, no. 8, pp. 472–482, Aug. 2015, doi: 10.1038/nrg3962. 

[32] L. Fontaine, A. Wahl, M. Fléchard, J. Mignolet, and P. Hols, ‘Regulation of competence for natural transformation in 

streptococci’, Infect. Genet. Evol., vol. 33, pp. 343–360, Jul. 2015, doi: 10.1016/j.meegid.2014.09.010. 



International Journal of Dental Biomaterials Research 2023, 1, 13-21 9 

  

 

[33] J. S. Madsen, M. Burmølle, L. H. Hansen, and S. J. Sørensen, ‘The interconnection between biofilm formation and 

horizontal gene transfer’, FEMS Immunol. Med. Microbiol., vol. 65, no. 2, pp. 183–195, Jul. 2012, doi: 

10.1111/j.1574-695X.2012.00960.x. 

[34] D. M. Fitzgerald and S. M. Rosenberg, ‘What is mutation? A chapter in the series: How microbes “jeopardize” the 

modern synthesis’, PLOS Genet., vol. 15, no. 4, pp. e1007995–e1007995, Apr. 2019, doi: 

10.1371/journal.pgen.1007995. 

[35] Y. Ram and L. Hadany, ‘Evolution of Stress-Induced Mutagenesis in the Presence of Horizontal Gene Transfer’, Am. 

Nat., vol. 194, no. 1, pp. 73–89, Jul. 2019, doi: 10.1086/703457. 

[36] Y.-L. Jiang et al., ‘Quaternary ammonium-induced multidrug tolerant Streptococcus mutans persisters elevate 

cariogenic virulence in vitro’, Int. J. Oral Sci., vol. 9, no. 12, pp. e7–e7, Dec. 2017, doi: 10.1038/ijos.2017.46. 

[37] C. Montoya, Y. Du, A. L. Gianforcaro, S. Orrego, M. Yang, and P. I. Lelkes, ‘On the road to smart biomaterials for 

bone research: definitions, concepts, advances, and outlook’, Bone Res., vol. 9, no. 1, pp. 12–12, Feb. 2021, doi: 

10.1038/s41413-020-00131-z. 

[38] J. Dong et al., ‘Immunomodulatory biomaterials for implant-associated infections: from conventional to advanced 

therapeutic strategies’, Biomater. Res., vol. 26, no. 1, pp. 72–72, Dec. 2022, doi: 10.1186/s40824-022-00326-x. 

[39] S. Wu et al., ‘Long-lasting renewable antibacterial porous polymeric coatings enable titanium biomaterials to 

prevent and treat peri-implant infection’, Nat. Commun., vol. 12, no. 1, pp. 3303–3303, Jun. 2021, doi: 

10.1038/s41467-021-23069-0. 

[40] A. Wawrzyk et al., ‘Analysis of the Microbiome on the Surface of Corroded Titanium Dental Implants in Patients 

with Periimplantitis and Diode Laser Irradiation as an Aid in the Implant Prosthetic Treatment: An Ex Vivo Study’, 

Materials, vol. 15, no. 17, pp. 5890–5890, Aug. 2022, doi: 10.3390/ma15175890. 

[41] S. Amin Yavari, S. M. Castenmiller, J. A. G. van Strijp, and M. Croes, ‘Combating Implant Infections: Shifting Focus 

from Bacteria to Host’, Adv. Mater., vol. 32, no. 43, Oct. 2020, doi: 10.1002/adma.202002962. 

 


