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Introduction

The human oral cavity harbours one of the most diverse 
microbial ecosystems, with over 700 bacterial species identified 
[1]. These microorganisms form biofilms on oral surfaces and 
establish a symbiotic relationship with the host. A balanced 
oral microbiome is critical for preventing colonization by 
pathogens, modulating the immune response, and maintaining 
oral homeostasis [2]. However, factors such as poor hygiene, 
dietary habits, systemic diseases, and medications can disrupt 
this balance, leading to dysbiosis and oral pathologies. This article 
explores emerging strategies in oral microbiome engineering to 
prevent and treat dental diseases while enabling personalized 
oral healthcare solutions.

 
Composition and Function of the Oral Microbiome

The oral microbiome includes bacteria, viruses, fungi, archaea, 
and protozoa, with bacteria being the most dominant group. Key 
microbial communities include:

Streptococcus spp

These are primary colonizers that contribute to the formation 
of dental plaque [3].

Actinomyces spp

They participate in biofilm maturation and provide structural 
support to plaque communities [4].
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Fusobacterium nucleatum

Acts as a bridge organism, connecting early and late colonizers 
[5].

The oral microbiome supports health by

Producing antimicrobial compounds

Beneficial bacteria produce bacteriocins and hydrogen 
peroxide, inhibiting pathogenic growth [6].

Maintaining Oral pH

Microbial metabolism of nitrate to nitrite aids in pH regulation, 
protecting enamel [7].

Modulating the immune system

Commensal microbes interact with mucosal immune cells, 
enhancing tolerance and defense mechanisms [8].

Emerging studies highlight the oral microbiome’s role beyond 
oral health, linking it to cardiovascular diseases, diabetes, and 
Alzheimer’s disease [9,10].

Microbial Dysbiosis and Dental Diseases

Dysbiosis, an imbalance in microbial communities, has been 
implicated in several dental conditions:

Dental caries

Acidogenic bacteria, such as Streptococcus mutans and 
Lactobacillus spp., produce lactic acid, leading to enamel 
demineralization [11].

Periodontitis

Dysbiosis in subgingival biofilms, dominated by 
Porphyromonas gingivalis, Tannerella forsythia, and Treponema 
denticola, triggers chronic inflammation and tissue destruction 
[12].

Oral Candidiasis

Overgrowth of Candida albicans in immunocompromised 
individuals leads to fungal infections [13].

Understanding the mechanisms underlying dysbiosis is 
pivotal for developing targeted therapeutic interventions.

Advancements in Oral Microbiome Engineering

Probiotics and prebiotics

Probiotics such as Lactobacillus reuteri and Bifidobacterium 
spp. are introduced to restore microbial balance, while prebiotics 
like inulin promote beneficial bacterial growth [14,15]. Recent 
trials demonstrated the efficacy of Lactobacillus reuteri in 
reducing periodontal inflammation [16].

Antimicrobial Peptides (AMPs)

AMPs, such as defensins and histatins, selectively target 

pathogenic bacteria. Synthetic AMPs like Pexiganan have shown 
promise in biofilm disruption [17,18].

CRISPR-Cas systems

CRISPR-based gene editing enables precise targeting of 
virulence factors in pathogens like S. mutans. A recent study 
highlighted CRISPR’s potential to inhibit biofilm formation by 
disrupting quorum sensing pathways [19].

Microbiota transplants

Oral microbiota transplants (OMT) are emerging as a novel 
approach to restore microbial diversity. A pilot study reported 
successful recolonization of beneficial bacteria in patients with 
refractory periodontitis [20].

Precision prebiotic engineering

Custom-designed prebiotics targeting specific microbial 
pathways offer a tailored approach to modulating the oral 
microbiome [21].

Personalized Oral Healthcare

Advances in sequencing technologies, such as 16S rRNA and 
metagenomics, allow detailed microbiome profiling. Personalized 
interventions based on an individual’s microbial and genetic 
makeup are now possible [22]. For instance:

Risk Prediction: Microbiome analysis can predict susceptibility 
to caries or periodontitis, enabling early preventive measures 
[23]. Targeted Therapeutics: Formulating probiotic strains 
tailored to an individual’s oral microbiota enhances treatment 
outcomes [24].

Challenges and Future Directions

Despite its promise, oral microbiome engineering faces 
challenges:

Microbial Complexity: Interactions within the microbiome 
and with the host are not fully understood [25]. Safety Concerns: 
Manipulating microbial communities may have unintended 
systemic effects [26]. Regulatory Hurdles: The approval of 
microbiome-based therapies requires rigorous validation [27]. 
Future research should focus on understanding microbial ecology, 
refining engineering tools, and conducting large-scale clinical 
trials.

Conclusion

The advent of oral microbiome engineering marks a 
revolutionary shift in the prevention and treatment of dental 
diseases. By targeting the underlying microbial communities 
rather than symptomatic manifestations, these novel 
approaches promise to improve outcomes in conditions like 
caries, periodontitis, and oral infections. Probiotics, prebiotics, 
antimicrobial peptides, and CRISPR-Cas systems exemplify 
the potential of these tools in restoring microbial balance and 
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enhancing oral health. Furthermore, personalized oral healthcare, 
underpinned by advances in sequencing technologies and 
bioinformatics, paves the way for tailored treatments and risk 
predictions based on individual microbiome profiles.

However, the journey of integrating oral microbiome 
engineering into clinical practice remains challenging. The 
complexity of microbial ecosystems, safety concerns associated 
with genetic engineering, and regulatory barriers underscore the 
need for rigorous research and collaborative efforts. It is imperative 
to address these challenges through multidisciplinary approaches 
that combine dentistry, microbiology, and computational biology. 
Additionally, ethical considerations must guide the development 
and deployment of microbiome-based therapies to ensure 
equitable access and patient safety. As research continues to 
unravel the intricacies of the oral microbiome, the potential 
for preventive and therapeutic breakthroughs becomes ever 
more tangible. The future of dentistry lies in embracing these 
innovations, fostering a paradigm shift from reactive treatment to 
proactive, personalized care, thereby enhancing the quality of life 
for patients worldwide.
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