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Orthodontic treatment is an appliance-intensive endeavor, where an array of mechanical

devices is used to bring about tooth movement. By virtue of remaining in close proximity

to the enamel, gingiva and periodontal ligament intra-orally over a prolonged period of

time, orthodontic appliances have a significant impact on the paradental tissues, oral

environment and oral microbiome. Orthodontic appliances, by acting as anchors for

biofilm and plaque formation, accumulate bacteria and other microorganisms in amounts

unfavorable for maintenance of healthy equilibrium. The resulting loss of balance in

the oral microbiome causes dysbiosis, which manifests clinically as increased enamel

demineralization, dental caries and periodontal disease. Mechanical removal of the

accumulated plaque by maintaining rigorous oral hygiene has been proven to be the

single most important factor to mitigate the harmful effects of dysbiosis. This review

investigates how each of the various components of orthodontic appliances, different

types of appliances and unique surface properties of biomaterials have contributory

effects at the interface of orthodontic biomaterials and oral biology. The information thus

obtained will be critical in instituting the best diagnostic and therapeutic measures at

the clinical level. It will also be instrumental in devising improvements and providing new

directions for future research in general and precision orthodontics in particular.

Keywords: orthodontic appliance, oral microbiome, oral bacteria, biomaterial, dysbiosis, demineralization/white

spot lesions, periodontal disease

INTRODUCTION

Orthodontic treatment with oral appliances—either removable or fixed—is a significant disruptor
of the oral environment. Through their continual presence to exert the force needed to bring
about orthodontic tooth movement (OTM), the appliances make a significant biological impact
(Figure 1), with effects lasting at least until treatment completion, which could be anywhere
between 1 and 3 years on average (1). The mechanical, chemical and biological upheaval that
occurs at the interface between orthodontic biomaterials and the oral ecosystem is responsible
for heightened risks associated with orthodontic treatment, such as enamel decalcification,
dental caries and periodontal disease (2). There are enormous humanitarian and economic costs
associated with this because, according to the American Association of Orthodontists, at least 3.2
million Americans undergo orthodontic treatment, on which they collectively spend around 17
billion dollars in just one year (3). Hence, investigating what happens at the interface between
orthodontic biomaterials and oral biology is necessary not only from a clinical and research
standpoint but also from a public health perspective.
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FIGURE 1 | Impact of orthodontic appliances on the intra-oral environment.

Pathogen-mediated oral diseases occur mostly when the
health-promoting regulatory mechanisms are overrun by strong
or persistent environmental assaults. Otherwise, under normal
circumstances, a human body—termed as a “holobiont”—
is a super-organism where almost equal parts (∼3 × 1013)
of eukaryotic cells and prokaryotic microorganisms co-exist
symbiotically in health (4, 5). The oral environment is second
only to the gut in the complexity and diversity of the micro-
organisms it hosts, referred to variously as oral microflora,
oral microbiota and most recently—“oral microbiome” (6).
This is reflected in the expanded Human Oral Microbiome
Database (eHOMD), which encompasses a total of 775 microbial
species and 2074 oral/nasal genomes, representing 529 taxa
(6) including bacteria, viruses, fungi, protozoa and archaea.
The term microbiome, which encompasses the totality of
the microorganisms, their genomes and ecosystems (7), was
originally coined by Nobel Laureate, Joshua Lederberg “to
signify the ecological community of commensal, symbiotic, and
pathogenic microorganisms that literally share our body space
and have been all but ignored as determinants of health and
disease” (8). The inseparability of the human and themicrobiome
components in determining oral health and disease, is what
necessitates investigating the changes precipitated by orthodontic
appliances and biomaterials on the oral microbiome in the
pursuit of minimizing or eliminating adverse effects on dental
tissues during orthodontic treatment.

During orthodontic treatment, maintaining a healthy,
symbiotic relationship between the host and oral microbiome
is critical to minimizing adverse effects such as enamel
demineralization, dental caries and and periodontal disease.
However, OTM is a biological process which is inherently

dependent on inflammatory mediators within the periodontal
ligament (9). In combination with additional factors such as
increased biofilm formation, change in composition of plaque,
difficulty in oral hygiene maintenance and modification of
dietary habits, this can cause an imbalance in the native state
of the oral microbiome, referred to as dysbiosis (Figure 2)
(4). A dysbiotic microbiome is defined as “one in which the
diversity and relative proportions of species or taxa within the
microbiota are disturbed” (10). Dysbiosis of oral microbiome is
also primarily responsible for enamel demineralization or white
spot lesions and periodontal disease—significantly problematic
sequelae of orthodontic treatment (2). Additionally, change in
oral bacterial composition accompanying the dysbiosis has been
associated with serious systemic diseases such as Alzheimer’s
disease, rheumatoid arthritis, meningitis, cardiovascular diseases,
brain, lung, liver or splenic abscesses, appendicitis, pneumonia
diabetes, and colorectal disease (4, 6, 11). The link between oral
microbiome and its systemic effects was demonstrated when
oral administration of Porphyromonas gingivalis in animals
directly affected the gut microbiome composition and caused
inflammatory changes in tissues and organs (12). Considering
this intimate association of oral microbiome with several
systemic health conditions, its impact on quality of life can be
significant. Importantly, the oral microbiome is also associated
with mental health issues that adversely affect quality of life.
For instance, in adolescents with depression and anxiety an
abundance of certain microbial species like Spirochaetaceae,
Actinomyces, Treponema, Fusobacterium and Leptotrichia spp.
(13) regulated by high levels of cortisol and C-reactive protein
was found in the oral microbiome. Similarly, a difference in
oral microbiota between healthy controls and adults with panic
disorders was found, mediated by metabolic and inflammatory
pathways (14). Thus, we can infer that, when orthodontic
treatment-induced oral dysbiosis intersects with the various
biological pathways specific to systemic health conditions
which alter the nature, diversity and species abundance of the
oral microbiome, the potential fallout on patients’ quality of
life can be substantial. Hence, exploring the biogenesis and
mechanisms of orthodontic appliance-induced modifications
of the oral environment and the oral microbiome is the main
objective of this review. Through our review, we aim to provide
a brief overview of the oral microbiome, outline techniques
for microbiome analysis, and discuss orthodontic appliance-
mediated dysbiosis, its effects, and mitigation measures. This
will be pivotal in mitigating the potentially harmful local effects
of orthodontic treatment-induced dysbiosis and lifesaving if
the knowledge helps in resolving, minimizing or preventing
systemic effects of the dysbiosis. Identifying the exact nature
and mechanistic details of microbiome changes is also a critical
preliminary step toward future implementation of precision
dentistry in general and personalized orthodontics in particular.

TECHNIQUES FOR ORAL MICROBIOME
ANALYSIS

Conventional techniques for assessing microbial composition
have involved either culturing microorganisms, microscopically
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FIGURE 2 | The intra-oral effects of having an orthodontic appliance in place act as significant disruptors. They exert major ecological pressure, causing dysbiosis and

a shift in oral microbiome from predominantly healthy microbiota (green) to predominantly pathogenic bacteria (red). [Adapted from Kilian et al. (4)].

observing them or detecting their functional activities using
enzymatic or immunoassays (Table 1). These techniques,
though reliable, were limited in scope for assessing the vast
array of microorganisms constituting the oral microbiome.
Especially, since many species of the abundant oral microbes
are uncultivable, the culture-dependent techniques become
ineffective. Molecular techniques to identify and classify
uncultivable oral microbial species at a smaller scale have
been in use for many years, like restriction fragment length
polymorphism (RFLP), random amplified polymorphic DNA
fingerprinting (RPAD), denaturing gradient gel electrophoresis
(DGGE), quantitative real-time polymerase chain reaction
(qPCR), microarrays, checkerboard hybridization etc. (16).
The field of culture-independent microbial sequencing was
revolutionized with the introduction of high-throughput,
next-generation sequencing (NGS), which made it possible to
directly sequence the total DNA of microorganisms obtained
from an environmental sample on a massive scale, referred to as
metagenomics. Metagenomic techniques like 16S ribosomal RNA
(rRNA) sequencing, pyrosequencing and shotgun sequencing
have been crucial in identifying hundreds of oral microbiome
species in all their diversity and abundance levels (Table 1).
Using NGS techniques, the eHOMD was established which
provides a comprehensive curated information on bacterial
species inhabiting the human mouth and aerodigestive tract,
including the pharynx, nasal passages, sinuses and esophagus
(17). Of the 774 identified bacterial species, 58% are officially
named, 16% are unnamed but cultivated and 26% are unnamed

and known only as uncultivated phylotypes, as naming requires
growth in culture and full phenotypic characterization (6) (http://
www.homd.org/). In a healthy human mouth, the predominant
bacterial phyla are Firmicutes, Bacteroidetes, Proteobacteria,
Actinobacteria, Spirochaetes and Fusobacteria which account for
80–95% of species detected (6, 18). To assess the whole range
of diverse microbial populations, including fungi and viruses, a
more comprehensive technique called whole-genome shotgun
sequencing (WGSS) has been used. Using WGSS, Caselli et al.
(18) reported bacteriophages and viruses of the Herpesviridae
family to constitute around 0.03% of the oral microbiome
and fungi predominantly made up of Candida and other
Saccharomicetales species, around 0.004% of total microbiome.
Importantly, the microbiome composition was found to be
unique for various oral microenvironments in an individual like
tongue dorsum, hard palate, buccal mucosa, keratinized gingiva,
and supragingival and subgingival plaque (18).

The limitations of metagenomic techniques like their inability
to identify species due to short segments of DNA sequences,
contamination with small amounts of human DNA with
the microbial genome, lack of differentiation between dead
and living microbes and the inability to determine activity
and physiological state of microorganisms inherent in the
DNA sequencing technique, necessitate development of newer
methods. Additionally, the critical need to growmicro-organisms
and characterize their phenotype and functional states has led
to the rebirth of the culture technique in the current era
through “culturomics”. Culturomics is a hybrid technique that
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TABLE 1 | Methodologies for microbiome analysis [Reused with permission from Zarco et al. (15)].

Technique Procedure Purpose Pros Cons

Conventional

microbiology

Culture analysis Growth of bacteria on

specific medium

1.Physical, behavioral,

and chemical properties

2. Metabolic requirements

1.Highly accurate

2. Resistance testing is

possible

1.Time-consuming

2. Many periodontal

pathogens are anaerobic

and/or fastidious; many

species are uncultivable

Microscopy Observation of bacteria

through microscope

Insight about microbial

communities through

visual observation

Provides information on

ecosystem behavior

1.Offers

limited information

2. Requires

special equipment

3. Time-consuming

Enzyme assay Laboratory assay

measures microbial

enzymatic activities

Identifies microbes by

detecting the presence or

absence of certain

enzymatic activities

Rapid Less precise

Immunoassay Tray inoculated with

antibody to detect

antigenic activity of

microbe

Identifies the presence of

microbes by anti-microbial

resistance or susceptibility

Rapid 1.Low sensitivity

2. Specific antigenic

molecules for marker

pathogens are yet

to identified

Meta-genomics 16S rRNA

sequencing

Amplification and cloning

sequencing of the 16S

rRNA gene using

polymerase chain reaction

(PCR)

DNA sequences analyzed

to identify species

1.Rapid

2.Accurate

3.Detects viral DNA

1.PCR subject to bias

2. PCR sensitive

to contamination

Pyrosequencing Sequencing small DNA

segments based on

detection of

pyrophosphates released

during DNA synthesis

DNA sequences analyzed

to identify species and

also biodiversity

1.Successfully determines

biodiversity

2.Subject to less bias

because does not require

cloning

3.Produces many

sequences

1.Expensive

2. Does not produce

full-length 16S rDNA

sequences necessary for

taxonomic studies

Shotgun

Sequencing

Long DNA is randomly

fragmented and

sequenced. Several

rounds of this are

performed for multiple

overlapping reads for the

target DNA. Computer

programs use the

overlapping ends of

different reads to

assemble them into a

continuous sequence

DNA sequences analyzed

to identify which

organisms are present

and also to suggest the

metabolic processes they

are responsible for in the

microbial community

1.Less expensive

2.Rapid

3.Forms long stands of

continuous DNA

4.Less need for human

intervention

5.Suggests information on

metabolic activity

1.High error rate in

constructing the

continuous set of

overlapping sequences

2. Computationally

intensive

combines high-throughput culture method with matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometry (19). The process consists of growing specimen
aliquots under various culture conditions that encourage growth
of rarer, fastidious microbes while suppressing the majority
populations and then subjecting cultured colonies to a rapid
and cost-effective MALDI-TOF mass spectroscopic analysis
to identify microbes at a genus and species level. Although
culturomics has been instrumental in vastly increasing the
repertoire of known gut microbiome species, we found only one
study where this technique was used on an oral microbiome.
Using culturomics in four patients, Martellacci et al. (20)
analyzed the peri-implant, subgingival plaque microbiome and
detected 12 novel bacterial species which had previously never
been identified in the oral cavity. As evidenced in the gut

microbiome studies and the peri-implant pilot study, culturomics
seems to be quite promising in providing greater clarity into
the oral microbiome composition and functions with further
research studies. Furthermore, the evolution of diagnostics
and therapeutics with newer technological tools being made
available has given rise to the emerging field of research
that investigates therapeutic interventions by targeting the
microbiome, referred to as microbiomics (15). Combining oral
microbiome characterization and application of microbiomics
can be critical to not only treating oral diseases but also
preventing oral dysbiosis before it can cause downstream
deleterious effects on dental tissues. We identify this as a
major area of future research which can greatly transform
oral health and mitigate the global health burden imposed by
oral diseases.
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INFLUENCE OF ORTHODONTIC
APPLIANCES ON ORAL BIOFILM
FORMATION AND BACTERIAL
ADHERENCE

The oral environment is inherently highly dynamic by virtue of
being the gateway for food and fluid ingestion for the body across
its lifespan. As such, the orodental tissues have to be in a state of
dynamic equilibrium to constantly readjust to the changing oral
environment. A positive host–oral microbiome relationship in
such an ecosystem provides critical metabolic, physiological and
immunological support (Figure 3) (21). In its natural habitat, the
oral microbiome is found as a multicellular aggregate embedded
in an extracellular polysaccharide and protein matrix, adherent
to hard and soft tissue surfaces within the oral cavity (including
oral appliances and dental materials), called a biofilm. Biofilms
have been defined as matrix-embedded microbial populations
adherent to each other and/or to surfaces or interfaces (22).
Natural biofilms have a highly diverse microflora where the
component species are not randomly distributed but are spatially
and functionally organized (21). The binding of microbes to
each other and to host receptors via a biofilm triggers gene
expression changes in both microbes and host cells. This is a
critical determinant of important clinical outcomes like disease
progression, host response, and anti-microbial sensitivity (21,
23). Dental plaque is a specific type of oral biofilm, in which
a diverse community of microorganisms found on the tooth
surface as a biofilm is embedded in an extracellular matrix
of polymers of both host and microbial origin (24). The
mere physical presence of orthodontic appliances, accompanied
by the chemical, biological and lifestyle changes triggered by
them, significantly changes the nature, quantity and areas of
oral biofilm and plaque formation. This in turn shifts the
balance of the oral microbiome away from health, necessitating
implementation of preventative and therapeutic measures during
orthodontic treatment.

BRACKET MATERIAL

Orthodontic appliances lend themselves readily as convenient,
new retentive surfaces for plaque and microbiota. The intricate
topology of brackets superimposed with multitudes of nooks and
crannies created by wires and the elastomeric or ligature ties
used to secure them, together serve as definitive plaque magnets.
However, the role played by physico-chemical properties of
bracket materials in biofilm accumulation is not as clear.
Eliades et al. (25) hypothesized that since adhesion of
microorganisms to surfaces is a result of specific lectinlike
reactions, secondary electrostatic interactions, and van derWaals
forces, bracket material properties like interfacial surface free
energy, hydrophobicity, and total work of adhesion would be
critical. They found stainless steel had the highest critical surface
tension and total work of adhesion, whereas polycarbonate
and ceramic alumina materials had the lowest. Accordingly,
stainless steel appliances would have greater plaque-retaining
capacity compared to the other two materials (25), but future

FIGURE 3 | Functions of a symbiotic host–microbiome relationship.

studies would show much different results. One study found
that stainless steel surface accumulated less initial biofilm as
compared to gold or ceramic materials (26). Lipopolysaccharides
from gram-negative bacteria found stainless steel to be the most
adherent (27), but Candida albicans and Streptococcus mutans
were most adherent to composite, ceramic and metallic brackets
in decreasing order (28). Au contraire, Papaioannou et al.
consistently found no differences in the adherence of S. mutans
to stainless steel, ceramic, or plastic brackets (29). This despite
the observation that polymer materials (acrylics, composites and
glass ionomers) provide excellent incubation niches for micro-
organisms in the pores and defects in their surfaces as compared
to smoother surfaces metals, ceramics and enamel (30). Such
contradictory findings have led investigators to hypothesize that
other factors such as diet, salivary flow, oral hygiene practices,
and the presence of metal bands, archwires, elastomeric modules
and resins may affect bacterial adhesionmore than just the nature
of bracket material itself.

ARCHWIRES AND THEIR SECURING
MECHANISMS

Orthodontic archwires were found to harbor significant amounts
of microorganisms after clinical use (31). Orthodontic archwires
are made of stainless steel, nickel titanium (NiTi) and cobalt-
chromium. These metallic archwires may be coated with esthetic
materials such as teflon, epoxy resin, and rhodium to improve
their appearance. Surface roughness and surface free energy of
these archwirematerials are thought to be critical determinants of
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bacterial adhesion (32). In accordance with the thermodynamic
principle that materials with higher surface free energy will
attract greater bacterial load, Kim et al. found that the NiTi wires
had the highest free surface energy, hence the greatest amount
of bacterial adhesion, followed by stainless steel, and lastly, the
aesthetic wires. Both in vivo and in vitro studies have shown that
surface roughness of the archwires increases with time (31, 33).
Intra-oral aging, change in mechano-chemical properties of wire
due to exposure to saliva, abrasion due to toothbrushing and
eating, and interactions between the archwires, brackets, and
ligatures are some of the factors increasing surface roughness.
Surprisingly, studies have leaned more toward showing a lack of
correlation between surface roughness of orthodontic archwires
and bacterial adhesion, and there appears to be a greater
correlation between surface free energy and bacterial adhesion
(31–33). However, the landmark review by Bollenl et al. (34)
concluded that an increase in both supra- and subgingival
surface roughness resulted in a higher rate of bacterial surface
colonization and plaque maturation, thus increasing the risk
for caries and periodontal inflammation. They recommended
an Ra value, a measure of surface roughness, of 0.2 microns or
lower for all intra-oral hard surfaces, as below this there was no
significant reduction of bacterial load and above this value plaque
accumulation increased proportionately (34).

In fixed orthodontic appliances, archwires are secured within
the brackets using one of three mechanisms—ligation with steel
wires, elastomeric ligatures, or self-ligating brackets (Figure 4).
All three methods provide a favorable substratum for biofilm
formation, but ligation with steel wires was found to retain
less biofilm and bacteria compared to elastomeric ties (35, 36).
However, a study by Turkkahraman et al. (37) showed no
difference between these two methods. Conventional brackets
with elastomeric ties were also found to have greater biofilm
formation as compared to self-ligating appliances. Self-ligating
brackets were found to have statistically significant lower
loads of total bacteria and oral streptococci compared to
the elastomerically tied conventional brackets, although results
ought to be interpreted with caution due to the low sample size
of 14 in this study (38). A systematic review and meta-analysis
found non-significant difference in the plaque index of patients
undergoing orthodontic treatment with either conventional
(involving ligation with steel wires and/or elastomeric ligatures)
or self-ligating brackets (39).

SALIVARY AND DIETARY CHANGES DUE
TO ORTHODONTIC APPLIANCES

The mere physical presence of the orthodontic appliance has
shown to increase stimulated salivary flow, buffering capacity and
pH at 1 and 3 months after appliance insertion, which has been
implied to indicate an adaptive ability of the oral environment
to adverse situations (40, 41). This is disputed by studies which
found that salivary flow rate, pH and buffer capacity did not
differ significantly from the baseline in patients with fixed
appliances even over a 1-year period (42, 43). The different
observations were explained on the basis that since introduction

FIGURE 4 | (A) Methods to secure archwire to conventional brackets. (a)

archwire, (b) bracket, (c) elastomeric tie to secure archwire in place, (d) ligature

tie to secure archwire; (B) self-ligating bracket.

of a foreign body causes a physiological increase in salivation,
salivary parameters are found to rise when observed immediately
after appliance placement. In the long term, adaptation to the
foreign body serves to bring back the levels to normal (42). A
study by Arab et al. (44), however, found that even though the
salivary flows did not change over an 18-week period, salivary
pH did drop significantly. In the Zogakis et al. (45) study,
there was a significant decrease in the pH immediately after
bonding fixed orthodontic appliances, which returned to normal
levels after 4–6 weeks. This was attributed to the usage of 37%
phosphoric acid for enamel etching prior to bonding of the
orthodontic appliances.

Salivary pH and buffering capacity are inexorably linked to
diet. The dietary change of switching to softer and non-sticky
foods, in addition to being the orthodontist’s recommendations
for appliance homecare, was also found to be the patients’
preferred choice owing to pain and discomfort associated with
fixed appliances (46). In a qualitative study of adolescents
undergoing fixed orthodontic treatment, patients reported
difficulty in biting and chewing hard foods, causing them to
either eat less, change what they ate or change the way they
ate. In a study of 67 adolescents undergoing treatment with
fixed appliances and 70 controls with no treatment, 90% of the
patients in both groups consumed chocolate daily, more than
97% of patients in both groups said they consume sweets at
frequent intervals on a regular basis and more than half in both
groups reported consuming sweets and various soft drinks every
single day (47). Such regular intake of sweets and sugary drinks
has the potential to reduce salivary pH, which, accompanied
by increased plaque retention by fixed appliances, creates
extremely favorable conditions for caries development, failing
the institution of remedial measures. Regular reinforcement
of the importance of good homecare to maintain excellent
oral hygiene in patients, interspersed with professional oral
prophylaxis at regular intervals, is critical in avoiding the very real
pitfalls of enamel demineralization and caries formation during
orthodontic treatment.
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INFLUENCE OF ORTHODONTIC
APPLIANCES ON COMPOSITION OF THE
ORAL MICROBIOME

Orthodontic appliances significantly altered the oral
microbiome within one month after the start of orthodontic
treatment, independent of the type of appliance used,
according to a systematic review that included 52 studies
with moderate-to-high quality of evidence. (48). Studies
variously tried to ascertain levels of cariogenic bacteria
such as Streptococcus mutans and Lactobacillus species,
periodontopathogenic bacteria such as Tannerella forsythia,
Treponema denticola, Fusobacterium nucleatum, Aggregatibacter
actinomycetemcomitans, Porphyromans gingivalis, Prevotella
intermedia, and Prevotella nigrescens, and Candida albicans.
Overall, studies on conventional brackets detected high levels
of both gram-positive bacteria such as Streptococcus mutans
and Lactobacillus spp. and gram-negative bacteria such as A.
actinomycetemcomitans. Several studies also showed an increase
in Candida during treatment (48). Another systematic review
and meta-analysis of four periodontopathogens in subgingival
plaque revealed a pattern of temporary increase in pathogens
for a short time (0 to 3 months) after orthodontic appliance
placement, which returned to pretreatment levels six months
later (49).

Lingual orthodontic appliances were associated with greater
plaque retention, more gingival inflammation and higher S.
mutans and A. actinomycetemcomitans counts as compared to
labial brackets (43, 50). However, the two did not differ in
Lactobacillus counts, the salivary flow rate, and saliva buffer
capacity (43). Sfondrini et al. (51) also did not find any significant
difference between the lingual and labial brackets in a 30-day
randomized clinical trial with respect to periodontal pocket
depth, bleeding on probing and number of CFUs of either
streptococci or anaerobic bacteria.

Orthodontic appliances, such as clear aligners and
thermoplastic retainers, have the advantage of being removable.
This promotes ease of eating, without food getting stuck in the
appliance as would happen in a fixed appliance, and also makes
maintenance of oral hygiene much easier for patients. This is
reflected in clinical studies which have shown that patients using
Invisalign had much better clinical parameters for gingival and
periodontal health compared to those with fixed appliances
(52–55). However, a high-throughput analysis of the 16S rRNA
gene of the oral microbiome showed that both Invisalign and
fixed orthodontic appliances caused microbial dysbiosis, with no
statistically significant difference between the two (56). However,
there was a statistically significant difference in microorganism
abundance between the two groups. Invisalign had significantly
higher relative abundance of TM7 and Neisseria at the genus
level. Literature shows that TM7 is associated with gingivitis
and periodontitis, whereas Neisseria is associated with better
oral health and reduced gingivitis. The authors concluded that
effect of these changes with microbiome on oral health was
inconsistent and that the inferred microbial function of the
Invisalign group suggested this group was more predisposed to
periodontal diseases. Thus, the improved clinical outcome for

periodontal health in Invisalign is not because of favorable oral
microbiome changes, but instead due to ease of oral hygiene
maintenance. Newer, more sophisticated microbiome-detecting
technologies (Table 1) (15) have the potential to shed better
light on the exact nature of dysbiosis caused by orthodontic
appliances. Additionally, orthodontists can also keep an eye
on the effects of dysbiosis during treatment, especially on
the more troublesome and frequently occurring white spot
lesions. Techniques like digital subtraction radiography, digital
image enhancement, fiber optic transillumination (FOTI),
quantitative light-induced fluorescence (QLF), digital image
fiber optic transillumination (DiFOTI), laser fluorescence
measurement (DiagnoDent), electrical conductance/impedance
measurement, ultrasonic caries detector etc., can help in early
detection and remediation of white spot lesions secondary to
appliance-induced dysbiosis (57).

ANTI-MICROBIAL EFFECT OF
ORTHODONTIC APPLIANCES ON ORAL
MICROBIOME

The predilection of orthodontic appliances to accumulate
plaque and cause microbial dysbiosis has led to exploration
of anti-microbial bonding agents, brackets, ligatures
and archwires to mitigate the said effects. A 2018
systematic review and meta-analysis assessed 32 studies on
anti-microbial orthodontic bonding systems (58). The range of
anti-microbial agents found in this review consisted of silver
nanoparticles, benzalkonium chloride, chlorhexidine, triclosan,
cetylpyridinium chloride, Galla chinensis extract, acid ursolic,
dimethylaminododecyl methacrylate, dimethylaminohexadecyl
methacrylate, 2-methacryloyloxyethyl phosphorylcholine,
1,3,5-triacryloylhexahydro-1,3,5-triazine, zinc oxide and
titanium oxide. Some bonding agents incorporate fluoride;
however, its effect is considered to be complementary as it
serves to reduce enamel demineralization but does not have
direct anti-microbial action per se. The bonding systems that
incorporated the anti-microbials showed significantly enhanced
anti-microbial activity compared to the control group (agar
diffusion test: overall standardized mean difference: 3.71; 95%
CI 2.98–4.43; optical density tests: 0.41; 95% CI −0.05–0.86).
These anti-microbial agents demonstrated inhibition of S.
mutans, S. sobrinus and Lactobacillus spp. growth without
compromising their adhesive properties. However, the studies
failed to show antibacterial effect in in vitro biofilm assays
with single species. The authors recommend using microcosm
methodology which reflects the oral microbiome more closely
in its complexity and precision instead of the vitro biofilm
assays with single species. Additionally, long-term, in vivo
studies with focus on both anti-microbial properties and bond
strength are recommended to draw stronger and more accurate
conclusions (58).

Brackets with an anti-microbial, nanofilm coating of silver
and titanium oxide have shown promising preliminary results,
wherein bacterial colonies accumulated were greatly reduced
compared to non-coated brackets which had an exponential
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increase in S. mutans colonies (59). Other studies on brackets,
archwires and retainers coated with nano-copper oxide, nano-
zinc oxide, zinc oxide, silver-platinum, silver ions, nitrogen-
doped titanium oxide and polytetrafluoroethylene have similarly
exhibited a beneficial anti-microbial activity (60–67). As coating
the bracket slots with titanium or silver also has the undesirable
effect of increased friction with the archwire, leaving the
slots uncoated while deriving the anti-microbial benefits by
coating the rest of the bracket would be a better design
option (59). Similarly, for archwires, adjusting their composition
and selecting an appropriate coating technology can help
obtain optimal porosity, surface roughness and low-frictional
characteristics while maintaining their antibacterial effects (66).
Most of these studies have limitations in that they are
predominantly in vitro and have been tested over a very short
period of time ranging from 24 h to a week, which can be
remedied by designing longer term, in vivo studies in the
future (66).

DISCUSSION

Orthodontic treatment is highly sought after by millions of
children and adults across the world. When a mostly elective
treatment modality is so popular and widespread among
the general population, it becomes all the more important
to eliminate or minimize iatrogenic or treatment-induced
damage to the oral and dental tissues. A thorough research
into the causation and mechanism of such adverse effects
is the key. At the time when normal oral homeostasis,
function and chemistry are disturbed by the insertion of
relatively large and complex orthodontic appliances, it is
the ongoing host-microbiome interaction which will decide
if balance is restored, or a breakdown occurs leading to
disease. Importantly, since orthodontic forces generate a sterile
inflammatory response, their intersection with the inflammatory
response generated by potential pathogens in the microbiome
can have a compounding effect. For instance, proinflammatory
cytokines such as interleukin-6 (IL-6) and tumor necrosis factor
alpha (TNF- α) are produced by periodontal ligament cells
on orthodontic mechanical force application and also when
stimulated by the lipopolysaccharide of P. gingivalis and A.
actinomycetemcomitans (68–70). Additionally, activation of key
orthodontic bone remodeling pathway of receptor activator of
nuclear factor -κB (RANK) and its ligand (RANKL) is modulated
both by mechanical and bacterial stressors (71, 72). Thus,
expression of many of the biological mediators of orthodontic
tooth movement can be potentiated by interactions between
the orthodontically applied mechanical force and microbiome
physiology. Although orthodontic interventions currently do
take into account the periodontal status at a tissue level to
implement appropriately accommodative treatment strategies,
not much attention is paid to the intersection of mechanical force
and microbiome stressors at a molecular level. Focused research
in this area has the potential to impact clinical orthodontics in
a major way, particularly considering the rising numbers of adult
patients whomay also have periodontal issues, seeking treatment.

The human microbiome is said to be as unique to every
individual as their fingerprint (4). Even though inter-individual
variations in the microbiome exist, the overall general functions
performed by the microbiota across individuals are consistent.
Twin studies have shown that genetic variation within the
individual is the dominant source of variability in composition of
the microbiome (4). Current culture-independent, metagenomic
methods of identifyingmicroorganisms, such as high-throughput
sequencing of the 16S rRNA gene, have made it possible to study
the microbiome at a level of detail not possible before (15). The
traditional microbiological assays such as the time-consuming
and laborious lab culturing of microorganisms have made way
for rapid, voluminous and computationally intensive methods
such as next-generation sequencing (NGS) (Table 1). Such
technological advances usher a paradigm shift in the research
field, making it possible to identify the signature microbiome
for each individual, similar to disease-specific microbiome
signatures such as those for periodontitis or diabetes mellitus
(73). These microbiome signatures are liable to change spatially
and temporally within an individual during the course of
orthodontic treatment. If microbiome signatures specific to
health, dysbiosis and disease in an individual are identified
based on metagenomics and NGS, chairside, rapid diagnostic
tools based on microarray analysis and microfluidics can
be developed for individualized, microbial monitoring of
the same during orthodontic treatment. Such point-of-care
(POC) diagnostic modalities would also enable the clinician
to institute interventions at the first sign of shift in the
microbiome toward dysbiosis and thus pre-empt the disease
even before it has a chance to fully establish itself. Changes
in the microbiome could also be used to facilitate patient
compliance with oral hygiene practices and good dietary habits.
Range of interventions could be used to treat the microbial
shifts, such as dietary counseling, reinforcing good oral hygiene
practices, professional oral prophylaxis to remove plaque and
calculus deposits or even localized fluoride or anti-microbial
therapy. Significant amount of basic science research and
longitudinal clinical studies are required for the actualization
and implementation of these personalized orthodontic
management techniques. Recent technological advances in
scientific research reassure us that we are headed in the
right direction.

SUMMARY AND CONCLUSIONS

Orthodontics, as a specialty, uses an array of mechanical
appliances to bring about tooth movement. Orthodontic
appliances are known to attract increased amounts of plaque,
biofilm and microbiota as soon as within 1 h after appliance
placement, with effects being transient or lasting throughout
treatment duration. They may also change salivary flow
rate, pH and buffering capacity. The interfacing of these
biomaterials with oral environment also causes the oral
microbiome to shift into dysbiosis, wherein an increase
in acidogenic, cariogenic and periodontopathogenic bacteria
occurs. Whenever host responses are overrun by persistent and
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significant environmental assaults, the imbalance in microbiome
leads to a disease process, specifically dental caries, enamel
demineralization and periodontal disease during orthodontic
treatment. The disease-causing shift in the microbiome can be
averted by instituting rigorous oral hygiene practices at a personal
and professional level while patients are undergoing orthodontic
treatment. Advances in molecular biology techniques have
enhanced our understanding of the exact nature of the
microbiome changes. The possibility of being able to identify
the exact composition and change of microbiome in each
individual in the future takes us one step closer to personalized
orthodontics. By designing interventions to specifically target
pathogenic microorganisms, one can dramatically reduce the
adverse effects of orthodontic treatment such as enamel
decalcification, dental caries and periodontal disease. However,

a significant amount of good, long-term studies need to
be carried out before we are able to make the ideal of
personalized orthodontics and targeted microbiome therapy
a reality.
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