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Abstract
Objectives: The prevalence of peri-implantitis and subsequent failure of implants continues to
rise. The majority of cases are bacterial in etiology. In peri-implantitis, the subsequent bone loss
around dental implants exposes their micro-roughened surfaces to bacterial colonization, further
aggravating inflammation, bone loss and progression of disease. The challenge of periimplantitis treatment is the complete decontamination of roughened implant surfaces once
colonized with a biofilm. Many chemical agents are not effective in decontamination of the
rough-surface implants with mature biofilms. Therefore, we examined if air-flow with glycine
(AFG) would be effective in decontamination of implants with mature subgingival mature
biofilms.
Methods: SLAâ (sand-blasted acid-etched) titanium discs were inoculated with dental plaque
and anaerobically incubated at 37°C for 21 days to allow for the formation of a structurally
mature oral biofilm on the disc surface. Discs were then separated into different treatment
groups: AFG with or without the powder and with or without prior rinsing with 0.9% sterile
saline. Control groups included no saline rinse, single rinse and double rinse controls. For
assessment of decontamination, discs were imaged, and bacterial cells counted, under a scanning
electron microscope (SEM) at 5000X magnification.
Results: The no-rinse control group contained multi-species undisrupted biofilm. Saline rinsing
removed most of the biofilm except the rough-surface-associated microorganisms. Numerous
cocci and some rods remaining on the pits of the SLAâ surface. AFG without the powder was
not effective in decontamination of the rough SLAâ surface. However, AFG with the powder
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produced practically clean SLAâ surfaces. In addition, prior rinsing with saline was not
necessary for this effect.
Conclusions: AFG appears be an effective method to decontaminate mature biofilm
contaminated implant surfaces when used directly on the contaminated implant surface.
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Lay Summary

Peri-implant diseases are typically bacterial in origin and affects a large percentage of
dental implants. Peri-implantitis, in particular, can lead to implant loss. The design of implant
surfaces presents a challenging situation for implant decontamination in the treatment of these
diseases. Due to the microscopic roughness of the surface, multitudes of bacteria commonly
colonize the surface in an organized, three-dimensional structure called a biofilm. A majority of
treatments fail to completely remove the biofilm from the implant surface, preventing the
complete resolution of disease. Airflow with glycine powder (AFG), an amino acid, has been
increasingly popular as a modality for implant disinfection. This study found that AFG is
extremely effective in removing the biofilm from the roughened implant surface.
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Chapter 1: Introduction

The estimated number of dental implants being placed in the United States is in excess of
2 million per year1. Dental implants are a very successful treatment option for the replacement
of missing teeth, with long-term success rates estimated to be at least 94%2. In a recent study of
implant survival rate in patients with various systemic comorbidities and diseases, the 25-year
survival rate of implants was found to be 81%3. Despite this, with the increase in dental implant
placement as a treatment for missing teeth, it is important to address the consequent increase in
peri-implant diseases: peri-implant mucositis and peri-implantitis. The prevention and
management of peri-implantitis is of particular interest as, with the subsequent loss of bone due
to this inflammatory disease, there is an increased risk of loss of osseointegrated implants.

The risk of peri-implantitis is elevated in patients with a history of periodontal disease,
poor plaque control, diabetes, smoking, alcohol use4. Indeed, the accumulation and incomplete
removal of a bacterial biofilm appears to be the etiology of a majority of cases of peri-implant
disease. Implant microstructure may also play a role in biofilm attachment5. Rough-surface
implants are currently favoured over polished-surface implants due to increased bone to implant
contact, cell attachment, biomechanical stability, bone strength, success rates6. However, some
reports show that increased surface roughness over a threshold of 0.2 microns may encourage
more rapid bacterial aggregation to the implant surface than on machined surfaces5, 7, 8. Once
rough-surface implants are colonized with bacteria, they are exceedingly difficult to disinfect due
to lack of access to the implant surface itself9 and the microscopic irregularities of the surface
within which bacteria escape methods for removal10. Chemical treatments to disinfect rough
1

implant surfaces have yielded poor results with studies showing that bacteria continue to persist
following commonly used chemical therapies such as chlorhexidine application, tetracycline
paste and phosphoric acid10.

Air polishing was introduced in the 1970s as a method for removing stains and bacterial
plaque from teeth and implants11. An air-flow device directs a pressurized mixture of air, water
and abrasive powder toward the tooth or implant surface to remove stains and biofilm efficiently
and effectively in less time than conventional rubber-cup polishing11. Traditionally, sodium
bicarbonate powder was used in air polishing. However, most manufacturers and clinicians now
favour less abrasive powders with smaller particle sizes such as calcium carbonate, calcium
sodium phosphosilicate and glycine11, 12. Air-flow with glycine (AFG) is of particular interest
with respect to implant surface disinfection with many novel studies supporting its use in
conjunction with other methods of managing and treating peri-implant diseases13, 14. A majority
of available studies assessing the efficacy of AFG on implant surface cleaning have only
assessed its ability to remove stains, ink, specific bacteria and bacterial endotoxins. As such,
there is a dearth of studies specifically assessing the efficacy of the disinfection of a mature,
multispecies biofilm on a rough-surface implant using AFG.

As such, it was our objective to assess whether or not AFG would be efficacious in the
disinfection of a mature oral biofilm from sand-blasted acid etched (SLA) titanium implant
surface. We hypothesized that AFG would yield better results with respect to implant
disinfection than controls.
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Chapter 2: Review of the Dental Literature

2.1

Peri-implant diseases
In 1986, Albrektsson et al15 proposed criteria for implant success and failure. That the

implants remained immobile with absence of pain, suppuration, neuropathy and radiolucency,
and with an annual loss of bone of 0.2mm beyond the initial bone remodeling was sufficient to
classify as success15. The difference between early and late implant failures is an important
addition to the understanding of implant success or survival. Early implant failures occur prior
to the restoration of implants when the implant fails to osseointegrate due to a perturbation of
healing following implant placement16. Late implant failures happen after the implant has been
restored and subjected to occlusal forces and function16. These failures are associated with
progressive bone loss around the implant and are caused by peri-implant disease excessive
occlusal loading and fracture of the implant16.

Initially, peri-implant diseases were poorly understood and categorized, leading to
confusion with respect to their study and diagnosis. At present there are two recognized periimplant diseases: peri-implant mucositis and peri-implantitis4, 17-19. According to the Consensus
Report of the Sixth European Workshop on Periodontology, peri-implant mucositis is defined as
inflammation exclusive to the soft tissues around an implant while peri-implantitis is diagnosed
when the inflammation of tissues around an implant extends to the alveolar crest and results in
bone loss17. Peri-implant mucositis is reversible and clinically presents with probing depths
greater than 3 mm and bleeding on probing (BOP) with or without suppuration, with the absence
of radiographic bone loss17, 19. Peri-implantitis may present clinically similar to peri-implant
3

mucositis but with irreversible radiographic bone loss that progresses further than normal bone
remodeling17.

2.1.1

Epidemiology
Epidemiological studies of disease incidence and prevalence are complicated by the lack

of a standardized approach to diagnoses of these disease and the heterogeneity of studies. While
the majority of studies define peri-implant mucositis as inflammation, resulting in BOP, of the
peri-implant tissues, definitions of peri-implantitis vary greatly20. Methods of reporting is also
inconsistent as some studies will report based on patients or subjects with disease while others
will assess based on an implant-level21. According to the findings of the 6th European Workshop
on Periodontology, the prevalence patients with peri-implant mucositis was 50% while periimplantitis affected between 28% and 56% of patients17.

A recent cross-sectional study assessed 96 patients and 225 implants over the course of
11 years1. The study authors defined peri-implant mucositis as “the presence of BOP and/or
gingival inflammation with no evidence of radiographic bone loss beyond normal remodeling”1.
Peri-implantitis was defined as “the presence of BOP and/or suppuration, with 2mm of
detectable bone loss after initial remodeling, and PD greater than or equal to 4mm”1. The
prevalence of peri-implant mucositis was 33% at an implant level and in 48% of subjects1. Periimplantitis was less common; its prevalence was 16% in implants and 26% in patients1.

Another systematic review and meta-analysis assessed 47 studies to determine the
prevalence of peri-implant mucositis and peri-implantitis20. Defining peri-implant mucositis as
4

inflammation affecting the soft tissue alone and peri-implantitis as soft tissue inflammation and
bone loss of at least 2mm beyond the bone level following normal modeling and remodeling, the
authors conceded that the diagnoses of peri-implantitis in the assessed studies were far more
subjective20. Peri-implant mucositis and peri-implantits prevalence was 9.25% and 29.5%
respectively among implants, and 19.8% and 46.8% respectively among subjects20.

Renvert et al22 recently reported the prevalence of disease in a longitudinal case series
over the course of 21 to 26 years following implant placement. Eighty-six patients presented at
follow-up. The authors found that when implants presented with healthy peri-implant mucosa
and absence of bone loss 9 to 14 years following placement, it was reasonable to anticipate
future health of the implants22. Peri-implant mucositis was diagnosed when BOP and/or
suppuration was present in absence of bone loss and peri-implantitis was diagnosed when BOP
and/or suppuration was accompanied by loss of crestal bone22, 23. Recurrent peri-implantitis was
diagnosed when three or more threads were further exposed in subsequent examinations22. In
cases where two implants were present in the subject, the worst was included in the study and the
other excluded. The study found the prevalence of peri-implant mucositis to be 54.7% and that
of peri-implantitis to be 22.1%22.

Another systematic review24 found that the mean prevalence of peri-implant mucositis is
43% and the mean prevalence of peri-implantitis is 22%. Eleven studies were assessed in this
review, all with varying definitions of peri-implant mucositis and peri-implantitis24. The
different studies defined peri-mucositis often as inflammation, BOP and/or suppuration but
differed with respect to whether or not implants with bone loss could be included under this
5

diagnosis24. Where studies included small amounts of bone loss under the diagnosis of periimplant mucositis, a strict threshold of bone loss was set at which point if the bone loss extended
beyond the threshold, the diagnosis would be changed to that of peri-implantitis. Often extend of
bone loss was determined based on a threshold number of threads exposed or on a specific
measurement beyond normal bone remodeling and modeling24.

2.1.2

Etiology
Various etiologies of peri-implant diseases have been identified and studied. While

factors such as occlusal overloading, implant design, improper surgical technique and implant
malposition may contribute to increased bone loss and probing depths in the absence of plaque,
the associated periodontal tissues do not show signs of classical signs of inflammation such as
erythema, edema and BOP required for the diagnosis of peri-implant disease25-27. As such, these
factors are not included as etiologic. The established primary etiology of peri-implant diseases is
the presence of bacterial oral biofilm or plaque on the implant surface4, 21, 26, 28, 29.

Canine models of disease have established that inflammation of tissues around implants
occurs in the presence of plaque29, 30. A comparative study in a dog model assessed the tissue
response of plaque accumulation around four different implant systems31. The authors found that
regardless of implant used, when oral hygiene is stopped and plaque allowed to amass around
implants, a significant proportion of inflammatory cells are present in the connective tissue in the
vicinity of the pocket epithelium31. Ericsson et al32 assessed the clinical response of peri-implant
tissues around implants following the termination of plaque control in a beagle dog study.
Following three months of uninterrupted plaque accumulation, sites were probed and found to
6

bleed upon provocation. The histological examination of the tissues confirmed the earlier
findings if increased inflammation in the peri-implant tissues32.

Similar to the experimentally-induced gingivitis studies in humans by Loë et al33,
numerous human studies have shown that plaque is sufficient to produce clinical and histological
inflammatory changes in peri-implant tissues that are consistent with peri-implant mucositis19, 29,
34-36

. Pontoriero et al34 induced peri-implant mucositis in vivo by stopping oral hygiene practice

and allowing plaque to accumulate around implants over the course of three weeks. The study
found increases in probing depths and gingival index scores following the test period, as well as
significant increases in spirochetes and motile rods in the biofilm34. With the reestablishment of
oral hygiene practice, peri-mucositis lesions could be resolved and the state of the peri-implant
mucosa returned to baseline34. In another study, Salvi et al36 observed a significantly greater
increase in gingival index scores around implants than teeth when plaque control was stopped for
three weeks. Histologically, the immune cell response to biofilm buildup around implants was
also greater than around teeth36. Mucosal health did not completely return to baseline during the
test period following the reinstatement of plaque control, though inflammation was reduced,
suggesting that a period of greater than three weeks may be required for the tissues to return to
baseline36. Although the period of time to completely resolve peri-implant mucositis may be
unclear, evidence has shown that peri-implant mucositis is reversible following the complete
removal of its primary etiology: the biofilm19, 36.

7

2.1.3

Microbiology
It is well understood that in vivo, multitudes of bacteria of different species will aggregate

and adhere to one another and to the substratum, forming complex, organized and dynamic threedimensional microbial ecosystems called biofilms37-40. Microorganisms which exist in a biofilm
exist in cooperation or competition with each other. These microbes are well protected from the
external environment by an extracellular polymeric substance or exopolysaccharide matrix which
is produced by specific members of the biofilm7, 38. Due to the inhibition of diffusion into the
biofilm and chemical inactivation as a result of the exopolysaccharide matrix, increase in gene
transfer of resistance factors between members of the biofilm and the slow growth of bacteria,
the biofilm provides protection from the action of antimicrobials and is resistant to disruption
and removal38. In the case of oral microflora, bacteria adhere to the surface of the tooth or
implant transiently at first, through interactions with the acquired pellicle of bioactive proteins
and polysaccharides on the tooth and reversible van der Waals forces and covalent bonds, and
then more permanently via ionic bonds before beginning to aggregate and mature into a
biofilm41, 42. The process of bacterial attachment to the implant surface appear similar to teeth.
The acquired pellicle facilitates the primary adhesion of bacteria to the implant surface42-44.
Indeed, it is suspected that the implant surface properties, in addition to the properties of the
fluids and environment of the oral cavity, may affect the composition of the acquired pellicle
which may then favour the attachment of certain microorganisms over others42, 44, 45. According
to the “ecological plaque hypothesis”, the healthy biofilm consists mainly of commensal bacteria
which pose no harm to the host39, 40. However, when pathogenic species of the biofilm begin to
increase in number, the biofilm too becomes pathogenic to the host and the etiology for
infectious diseases38-40.
8

Around healthy implants and teeth, the oral microflora is characterized by Gram positive,
aerobic cocci and short rods46, 47. The early colonizers of implants are similar to those of natural
teeth46, 48. Actinomyces species and Streptococcus species such as Streptococcus sanguinis, S.
oralis, S. infantis, and S. thermophilus attach first to the tooth or implant7, 42, 49, 50. Together with
Neisseria pharynges and Gemella haemolysans, these bacteria form a “core group” of microbes
that prove foundational for the biofilm consisting primarily of anaerobes42. The biofilm
associated with healthy implants consists mainly of Streptococci, Veillonella, Rothia, and
Haemophilus species as well as Actinomyces naeslundii, Acntinomyces oris and Actinomyces
meyeri42, 51-53. While certain bacteria exhibit more pathogenic behavior are more closely
associated with diseased sites, these so-called “periodontopathogens” may be found in the
biofilms at healthy sites but at low concentrations and in equilibrium with the otherwise healthy
oral microflora7, 39, 40, 54

Periodontitis and peri-implantitis lesions which are both considered infectious diseases
dominated by Gram negative, anaerobic bacteria37. An understanding of the microbiology of
such diseases is imperative to their management. In 1998, Socransky identified various
complexes thought to be implicated in periodontal disease55, 56. The red complex of
periodontopathogens is comprised of Porphyromonas gingivals, Tannerella forsythia, and
Treponema denticola55, 56. Other periodontopathogens include Aggretibacter
actinomycetemcomitans serotype B, Fusobacterium nucleatum, Prevotella intermedia,
Prevotella nigrescens and Parvimonas micros56.

In periodontitis, P. gingivalis is considered a

keystone pathogen54, 57. An increase in P. gingivalis signifies a shift in the equilibrium of the
9

oral microflora to that which may favour an increase in concentration and presence of other
periodontopathogens57.

Biofilms associated with peri-implant diseases are more heterogeneous and anaerobic
than healthy implant sites51, 58. While some reports do conflict, a majority of studies show that
sites of peri-implant disease exhibit a greater number of red and orange complex bacteria51, 59. A
greater number of enteric rods are also found in peri-implant diseased sites59. The core biofilm
shares some similarities with that of periodontitis, consisting of Tannerella forsythia, Treponema
denticola, Filifactor alocis, Treponema maltophilum and Freitibacterium fastidiosum, together
with the keystone pathogen, Porphyromonas gingivalis51. In a study by Tabanella et al60, T.
forsythia, Parvimonas micras and Camplyobacter species were found in association with periimplantitis. Other studies have shown that there is also an increase in Fusobacterium nucleatum
and Aggretibacter actinomycetemcomitans 61. Staphylococci species such as S. aureus and S.
epidermidis are also found in higher concentration in peri-implant disease58. Thurnheer et al62
assessed the effects on a subgingival biofilm model grown in vitro on titanium when S.
epidermidis or S. aureus or both were added. The original population of Actinomyces oris,
Fusobacterium nucleatum, Streptococcus oralis, Veillonella dispar, Campylobacter rectus,
Prevotella intermedia, Streptococcus anginosus, Porphyromonas gingivalis, Tannerella
forsythia and Treponema denticola, generally remained unchanged in all test groups62.
However, population shifted to favour S. aureus when both S. epidermidis and S. aureus were
added to the particular biofilm62. It is suspected that S. aureus outcompetes S. epidermidis in a
peri-implantitis biofilm and even prevents the growth and division of S. epidermidis62.
Numerous studies have identified Staphylococcus aureus, Enterobacteriacae, Candida albicans
10

and Pseudomonas aeruginosa in peri-implantitis biofilms, microbes that are not usually found in
periodontitis lesions63.

The microbiota of peri-implantitis disease is difficult to study due to the intra- and interpatient variation and identification and culturing of bacteria. Reports conflict between different
studies but the general consensus is that in the mixed anaerobic biofilm of peri-implant disease,
red complex pathogens as well as S. aureus predominate. Much like in periodontitis, the primary
etiology of peri-implant diseases is considered to be bacterial in nature. As such, it is prudent to
understand the microbiota of such diseases in order to optimize treatment options.

2.1.4

Risk indicators
Considering the morbidity of peri-implant diseases, it is important to understand how to

manage such conditions proactively. As such, good patient selection is increasingly vital to
treatment success. Risk factors are defined as patient or environment related factors which may
increase the possibility of disease development64. Risk factors are identified through
longitudinal studies of a population which suffers from a particular disease64. The heterogeneity
of studies on peri-implant diseases and their risk factors and the dearth of longitudinal studies
result in the lack of established risk factors for disease65. Therefore, the available literature has
only been able to identify putative risk factors, risk indicators, for disease. In the case of periimplant disease, risk indicators may be divided into local and general or systemic.

Risk indicators of peri-implant diseases include poor oral hygiene17, 63, 66, a history of
periodontitis17, 63, 66, 67, lack of regular hygiene visits66, genetics19 and rough implant surfaces4, 17.
11

Smoking17, 19, 67, 68 and diabetes1, 17 have been implicated in the past as potential risk indicators
for peri-implant disease. In contrast to a majority of studies, Renvert et al failed to prove that
smoking or diabetes mellitus increased the risk for peri-implantitis after 21-26 years22.
According to the most recent consensus by the 2017 World Workshop on Periodontitis and Periimplant Diseases and Conditions, there is still inadequate evidence to conclude that smoking or
diabetes may be included among the above risk indicators for peri-implant disease66, 69.

As in the cases of gingivitis and periodontitis, it is clear that poor oral hygiene and lack of
professional maintenance increase the risk of peri-implant diseases66. Poor plaque control carries
the strongest evidence of all putative risk factors. Numerous studies have shown that inadequate
patient-performed oral hygiene vastly increases the risk of developing peri-implant disease70. A
study by Schwarz et al found that the correlation between poor plaque control and periimplantitis had an odds ratio of 9.252970. In a longitudinal study of patients diagnosed with periimplant mucositis, subjects who did not receive regular maintenance were at an elevated risk of
peri-implantitis71. After five years, 44 % of patients who did not receive regular maintenance
developed peri-implantitis while only 18 % of patients who received regular maintenance
developed further disease71.

Numerous longitudinal studies have shown that a history of periodontal disease increases
the risk of greater longitudinal peri-implant bone loss and peri-implant disease4, 17, 72, 73. In a
study assessing patient factors which may increase the risk of peri-implant diseases over a
follow-up period of 9 to 14 years, patients with a history of periodontitis were found to have a
greater tendency to develop peri-implant disease67. Matarasso et al72 performed a 10-year
12

retrospective study of alterations in bone level around implants in periodontally healthy patients
compared to that of periodontally compromised patients. The authors found that over the study
period, patients with a history of periodontal disease experienced greater bone loss around
implants than did periodontally healthy patients72. In a 10-year prospective cohort study,
patients with a history of moderate to severe periodontal disease had 11.2 % - 15.1 % bone loss
compared to 4.7 % in patients with no history of periodontal disease73. Implant loss in patients
with histories of severe periodontal diseases was 10 %, compared to 2 - 3.4 % in periodontally
healthy patients73. In a prospective long-term cohort study of implant success and failure in
patients with a history of generalized aggressive periodontitis, Swierkot et al found that such
patients experienced greater risk of implant failure and greater prevalence of peri-implant
mucositis and peri-implantitis74.

Implant surface treatment also appears to influence the nature of peri-implant disease and
biofilm formation on the implant surface7, 42. The objective of treating implant surfaces is to
increase surface roughness in order to facilitate more rapid osseointegration of the implant6.
Surface roughness in the case of implant dentistry is calculated and expressed in Sa values, a
three-dimensional parameter representing the difference in height of each point of roughness as
compared to the surface average6. Implants are generally categorized into smooth (Sa values less
than 0.5 µm), minimally rough (Sa values between 0.5 – 1.0 µm), moderately rough (Sa values
between 1.0 – 2.0 µm), and rough surfaces (Sa values greater than 2.0 µm)6. Some studies have
shown that increased roughness may be correlated with increased bone modelling and periimplant bone loss following implant installation6. When exposed to bacterial in the oral cavity,
increased surface roughness on an implant greater than a threshold of 0.2 microns may
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encourage the attachment and aggregation of a biofilm to the implant surface7. Two dog studies
by Berglundh et al75 and Albouy et al76 assessed the progression of bone loss around roughsurface and polished-surface implants in separate ligature-induced peri-implantitis models. Both
studies compared the rate of bone loss as well as the size of the inflammatory cell infiltrate.
Peri-implantitis was induced by the positioning of ligatures around implants and left in place
until the bone loss was 40%75, 76. At this point, the ligatures were removed and plaque allowed
to accumulate75, 76. Block biopsies were then taken and histologically assessed following five to
six months75, 76. Bone loss and plaque accumulation around rough surface implants was
significantly greater than around smooth implants75, 76. The biofilm accumulation appeared to
extend further apically around rough implants than smooth implants75, 76.

Smoking has been proven to be a true risk factor for periodontitis77. Smokers are at a
four-times greater risk of developing periodontitis than non-smokers78. Nicotine exposure results
in the alterations of the microvasculature of the periodontium by reducing the proportion of large
diameter blood vessels and increasing the density of small diameter blood vessels79. Cigarette
smoking also leads to alterations in PMN chemotaxis and immune function80, 81. Nicotine has a
profoundly negative impact on periodontal wound healing82; delaying or inhibiting the adhesion
of gingival fibroblasts to the root surface83, and altering the pattern of collagen turnover, as well
as promoting greater osteoclastogenesis84. Numerous studies have shown that smoking has a
negative effect on implant health and that cigarette smoke is directly related to peri-implant
disease67, 85. Smokers exhibit an elevated risk for inflammatory peri-implant disease than
nonsmokers85, 86. A recent cross-sectional study showed that smoking may increase the risk of
peri-implant diseases by three times87. As discussed previously, however, numerous studies
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have failed to conclude an increase in incidence or prevalence of peri-implant disease in
smokers66, 88.

Uncontrolled diabetes mellitus has been shown to have a bidirectional relationship with
periodontitis89. In chronic hyperglycemia, various cells and cellular products may become
glycosylated, forming advanced glycated end products (AGEs)90. AGEs form high-affinity
bonds with receptors for advanced glycated end products (RAGEs), which are found notably on
monocytes and endothelium as well as other cells90. Uncontrolled diabetes negatively impacts
collagen turnover and wound healing as well as resulting in immune dysfunction90.
Hyperglycemic conditions lead to PMN dysfunction and increased proinflammatory cytokine
production90. AGE formation at collagenous wound edges and on the extracellular matrix, and
the interactions of AGE and RAGE at the vascular endothelium impair extravasation of products
and cells from the blood into the extravascular and extracellular matrix. Collagen turnover is
impaired and slowed, leading to dysfunctional wound healing90. While a majority of studies
have not been able to prove the association between diabetes and peri-implant disease, one study
found that in patients with diabetes, peri-implant mucositis prevalence was 64.6 % and periimplantitis prevalence was 8.9 %91. For ethical reasons, it is likely impossible to study the effect
of uncontrolled diabetes mellitus on implant survival and health. However, due to the
established relationship between periodontal disease and uncontrolled diabetes, it is not
inconceivable that a similar relationship exists between peri-implant disease and poor glycemic
control.
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2.1.5

Histopathology and pathogenesis
There are several differences between the attachment of the oral soft tissues to teeth and

to implants. The most obvious of these differences is the presence of the periodontal ligament
and cementum which connect natural teeth to the bone, whereas implants are connected to the
bone via osseointegration alone. The attachment of the junctional epithelium via
hemidesmosomes and basal lamina to teeth and implants are traditionally believed to be similar,
although more recent animal studies have refuted this notion92, 93. In a more recent study found
that instead of adhering directly to the implant surface, the peri-implant epithelium only is in
contact against the implant surface93, 94. In fact, the authors found that the epithelium adjacent to
the implant surface is structurally distinct compared to the junctional epithelium of a natural
tooth93, 94. On the other hand, the connective tissue fiber attachment around implants and teeth
differ significantly. While the connective tissue fibers extend apically, horizontally, and
coronally from the teeth to the attachment apparatus, the same fibers run parallel to implant
surfaces95. Because of the supposed strength of the junction epithelial attachment, some authors
consider the soft tissue seal around implants to be adequate despite alterations in connective
tissue fiber apparatus92, however in light of more recent studies, this assumption is controversial.
Indeed, the soft tissue seal around implants, while adequate for the maintenance of peri-implant
health, may be significantly weaker than that around teeth93.

It has been well-established by the literature that while periodontal disease is a result of
the bacteria or biofilm found in the plaque around teeth, plaque alone is not sufficient to lead to
the development of periodontitis96. In their classic paper, Page and Schroeder97 describe the
histopathology of gingivitis and periodontitis and separated the pathogenesis of the diseases into
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four different stages. The first stage, called the initial lesion, though not clinically visible, can be
histologically observed in the gingiva after 2 to 4 days of undisturbed plaque accumulation97.
This stage is characterized by an inflammatory cell infiltrate, edema and the initial degradation
of perivascular collagen97, 98. The permeability of the junctional epithelium increases with the
accumulation of bacterial enzymes and metabolic end products allowing for further invasion of
bacteria into the connective tissue98. The presence of bacterial products in the sulcus and mucosa
activates the complement cascade via the alternative pathway stimulating the mast cell release of
vasoactive amines which further increase permeability of the gingival vasculature and the
chemotaxis of PMNs to the site98. The resultant inflammatory cell infiltrate is therefore
dominated by PMNs and localized to the gingival sulcus97, 98. These PMNs are the frontline for
the immune response to bacterial invasion and are involved in phagocytosis of the bacterial
products98. In a process called “abortive phagocytosis” the lysosomal contents of PMNs are
released into the sulcus98. While this is meant to serve a protective purpose, the released
enzymes can be taken back up into the tissues leading to local destruction of the connective
tissue98.

While there is some overlap between the initial lesion and the following early lesion, the
early lesion is observed after 4 to 7 days of undisrupted plaque accumulation97. At this point, the
early clinical signs of gingivitis are apparent: changes in colour, contour, consistence but no
BOP97. This stage is characterized by a larger inflammatory cell infiltrate to the gingival tissues
which predominantly consists of PMNs and cluster of differentiation-4 (CD4) T lymphocytes97.
The elevated expression of cell adhesion molecules and interleukin-8 (IL-8) results in a more
profound and rapid increase of these inflammatory cells to the gingiva resulting in perivascular
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lesions of lymphocytes and macrophages which expand, coalesce and merge98. Edema,
connective tissue degradation and vascular dilation and changes are markedly increased97.
Soluble breakdown products from bacterial cells, antigens, are phagocytosed by resident
Langerhan cells and transported to regional lymph nodes where they sensitize T cells98. Thus,
the protracted acute inflammatory response leads to chronic gingivitis.

Established chronic gingivitis clinically presents with bleeding on probing and possibly
pocketing but without bone loss97. This stage, the established lesion, occurs following 2 to 3
weeks of undisturbed plaque and involves a dense accumulation of inflammatory cells to the
connective tissue97. Dominated by B lymphocytes or plasma cells, immunoglobulins appear in
larger quantities at the connective tissue and junctional epithelium97. An increase in
inflammatory cytokines, particularly of IL-1, IL-6, tumor-necrosis factor alpha (TNFa) and
prostaglandin E2 (PGE2), also occurs98. With the extensive loss of a majority of the connective
tissue, the junctional epithelium apically migrates and extends laterally and may lead to the
formation of a periodontal pocket98.

Clinical periodontitis corresponds to the advanced lesion, whereupon resorption of the
alveolar bone is observed as well as a dense inflammatory cell infiltrate consisting mainly of
plasma cells97-99. Gingivitis and periodontitis do not exist on a continuum; the shift from
gingivitis to periodontitis depends almost entirely on the patient’s own host response to bacterial
insult. Immunoregulation plays an integral role in the pathogenesis of periodontal disease. The
development of polyclonal B cell activation is favoured by T helper 2 cells (Th2) and gives rise
to polyclonal B cell activation, nonprotective antibodies and the progression of periodontal
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disease98. These immune cell types will favour the production of inflammation cytokines such as
IL-1, IL-6, TNFa and PGE2 which activate matrix metalloproteinases (MMPs) and subsequent
connective tissue destruction and bone resorption98. These mediators of the immune response
also contribute to the regulation of tissue inhibitors of matrix metalloproteinases (TIMPs) which
inhibit the activity of MMPs as well as the receptor activator of nuclear factor k B (RANK) to
osteoprotegerin (OPG) ratio which affects the rate of resorption of the bone by osteoclasts100.

While all the players and interactions of the immune response leading to periodontitis
have not yet been elucidated, it is clear that an uncontrolled host inflammatory and immune
response to bacterial presence is the root cause for the destruction observed in periodontal
disease96. The complex interplay between immune cells, regulators as well as host factors and
the biofilm manifest in periodontitis.

Numerous studies have confirmed that gingivitis and peri-implant mucositis do not differ
with respect to the composition of the inflammatory cell infiltrate, both consisting of T cell and
B cell lymphocytes101, 102. The heightened cytokine response in peri-implant mucositis involves
an increase in IL-6 and IL-1b in the gingival crevicular fluid is associated with ailing implants
compared to health103. A number of early reports of experimentally-induced peri-implant
mucositis describe an inflammatory cell infiltrate that is significantly more robust and extends
than in gingivitis by almost threefold26, 32, 34, 36, 102. Comparisons between gingivitis and periimplant mucositis found no differences in expression of surface adhesion molecules in the
microvascular104. Subtle differences in cell surface molecule expression with respect to
CD3/CD19 ratios were noted in studies101, 102. Despite these observations, the general consensus
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is that peri-implant mucositis closely resembles gingivitis with respect to histopathology and
pathogenesis102.

Berglundh et al105 compiled the results of several human biopsy studies as well as
experimentally-induced peri-implantitis models to determine the difference between periodontal
and peri-implant diseased tissues. The inflammatory cell infiltrate in peri-implantitis lesions
exhibit a further lateral and apical expansion than in periodontitis and is directly exposed to the
pocket environment and the biofilm instead of being covered by a barrier of connective tissue or
epithelium105. As is the case for periodontitis lesions, plasma cells and lymphocytes make up a
large proportion of the infiltrate, however peri-implantitis lesions also exhibit a larger proportion
of PMNs and macrophages compared to periodontitis105. In a mouse model, peri-implantitis and
periodontitis were induced by ligatures106. The study showed greater bone loss in periimplantitis lesions than around teeth and greater incidence of implant loss than tooth loss106.
Histological evidence showed a greater amount of MMP-8 and nuclear factor kappa B (NF-kB)
in peri-implantitis, corresponding with the greater osteoclastic activity evidenced in those
lesions106. Experimental ligature-induced peri-implantitis lesions also do not exhibit the same
response to removal of the ligatures as in ligature-induced periodontitis105, 107.

2.1.6

Treatment options
Similar to treatment options available in periodontitis sites, treatment of peri-implantitis

can be divided into non-surgical and surgical treatments108. A study by Renvert et al109
compared mechanical non-surgical treatment with titanium hand-instruments and ultrasonic
devices in a double-blind randomized longitudinal clinical study. The study of 31 patients with
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peri-implantitis showed no significant change in PD was observed between baseline and 6
months following treatment in both groups, although a decrease in bleeding and plaque scores
was observed109. In addition, no significant changes or decreases in bacterial counts were
observed109. This indicates that mechanical debridement with hand instruments and/or ultrasonic
instruments result in limited clinical improvements and are therefore not effective in the
treatment of peri-implantitis108. Further studies into non-surgical treatment of peri-implantitis
delved into the prospect of repeated local antimicrobial delivery systems. In such cases, local
antimicrobials serve as adjuncts to debridement108. A randomized control trial studying the use
of minocycline compared to chlorhexidine gel in pockets of 31 patients was assessed with a
follow up at 30, 90 and 180 days after treatment110. While there were significant improvements
observed in minocycline treated sites with respect to reductions in PD in comparison to
chlorhexidine, it appears that such treatments require repetition over time110. Overall, with
adjunctive antimicrobials in sites following debridement, some improvements have been
observed in the literature in terms of PD and reduction in BOP108. It is suggested that patients in
whom surgery is not an option for treatment, debridement with adjunctive therapy may serve
well as treatment of peri-implantitis108. Systemic antibiotics as adjuncts to debridement have not
be convincingly shown to effectively treat peri-implantitis lesions108.

Other adjunctive treatments that can be provided together with non-surgical treatment
include the use of air-abrasion, Er:YAG laser and carbon dioxide laser and hydrogen peroxide
conditioning108. A systematic review by Schwarz et al13 assessed five studies of the efficacy of
air polishing together with debridement in the treatment of peri-mucositis and peri-implantitis.
While air polishing appeared to have a significantly positive effect on the treatment of peri21

mucositis, sites with peri-implantitis did not appear to show significant differences between tests
and controls after 12 months13. The study concluded that for the treatment of peri-implantitis, air
polishing only appeared to reduce BOP but not result in disease resolution of peri-implantitis13.
Studies assessing the efficacy of the Er:YAG laser have shown that while it may adequately and
safely remove calculus and degranulate the implant surface, beneficial effects of such treatment
appear limited108. In vitro studies of carbon dioxide laser and hydrogen peroxide conditioning
treatment of titanium surfaces have shown promising results in terms of treating periimplantitis111. However, dog studies showed that the levels of re-osseointegration between the
test and controls (saline) were essentially the same, indicating no apparent effect on the reosseointegration around peri-implantitis sites111.

In the surgical treatment of peri-implantitis, excluding removal of the implant, treatment
options include open flap debridement and use of adjuncts (locally placed antimicrobials,
systemic antibiotic, air-abrasion at site or even laser decontamination), decontamination followed
by implantoplasty with or without bone grafting, and guided bone regeneration108. Overall, it
does appear that surgical therapy is more effective in the reduction of PD, BOP and suppuration
than non-surgical therapy. Such decontamination, by titanium rotary brush, citric acid,
chlorhexidine, antimicrobials and acids etc has been studied with no agent producing superior
results with respect to disinfection of implant surfaces108. Decontamination of the implant
surface alone appears not to be sufficient to induce re-osseointegration of the implant112. Guided
bone regeneration with enamel matrix derivative or platelet-derived growth factor following
decontamination has shown promising results108, 113. A case series of 170 implants showed that
with the use of EMD or PDGF together with GBR and covered with a resorbable membrane
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and/or tissue graft reduced PD by 5.1 mm, increased bone level by 1.77 mm, and increased ST
margin gain by 0.52 mm with a 98.8% survival rate between 2 to 10 years of follow-up113. In
cases with more exposure of the implant surface, combination therapy has been studied as well.
A case study by Schwarz et al reported five cases of peri-implantitis treated with implantoplasty
with bone grafting114. Schwarz described several defects with the conclusion that the
combination of implantoplasty and bone graft appeared effective in treatment of even buccal
dehiscence, while in circumferential defects, bone grafting together with removal of exposed
threads of the implant proved to exhibit more success in re-osseointegration13, 114-116. The risk to
the patient when taking a bur to the implant and heating the implant slightly as a result of
implantoplasty was assessed and, while there was found to be a slight increase in temperature,
the temperature appeared to reduce to baseline after ten seconds117. Such combined resective
and regenerative therapy as described by Schwarz et al114 was assessed in a prospective case
series118. A 100% survival rate of treated implants was observed together with reduction of PD
by 4.1 mm, BOP by 13%, and radiographic fill of the intrabony component of the defect of
93.3% after 12 months118. Indeed, such combined therapy shows promising results118.

The study of treatment efficacy and effectiveness of peri-implantitis has been difficult
and inconclusive. Much of this difficulty and confusion arises mainly from the heterogeneity of
case definitions of the disease. As such, treatment of peri-implantitis continues to be largely
empirical119. Prevention of peri-implantitis, proper case selection, proactive treatment planning
and stringent recall and hygiene schedules for the patient are key to managing such cases108.
Further long-term, randomized controlled trial studies of the treatment of peri-implantitis are
likely required before a consensus can be reached.
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2.2

Air-flow with Glycine
Airflow with abrasive powders was introduced in the 1970s and 1980s for the removal of

stains and biofilm from teeth11. Considered to be more efficient than conventional rubber cup
polishing, airflow introduces a high-pressure slurry of abrasive powders to the tooth surface in
order to mechanically remove the biofilm120. The abrasive capacity of the airflow is dependent
on a number of variables including particle mass, shape, size and hardness; air pressure and
volume of water; the distance between the airflow nozzle and surface, angulation of the spray,
and duration of airflow treatment12. Increasing the particle mass, size, hardness and angularity of
shape will increase the abrasiveness12. The removal of substances from a surfaces is also
expedited by increased water flow and air pressure12. While angulation of the nozzle to surface
appears to have little effect on efficacy of biofilm removal, distance between the airflow source
and surface is inversely proportional to efficiency12. Traditionally, sodium bicarbonate powders
have been used and found to be very effective in the removal of stains120. While these powders,
particles of which range up to 250 µm, have not been found to abrade enamel, extended use of
such powders may damage dentin and cementum, as well as restorative materials11, 120. As such,
powders of a smaller particle size such as glycine have been introduced to the market as
alternatives to sodium bicarbonate.

Glycine is a water-soluble, non-essential amino acid which is nonallergenic and
nontoxic12. Generally, the size of glycine particles used in AFG are less than 45 µm in size and
approximately 2.16 g per cm3 in density12, 121.
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Classic studies have assessed the effectiveness of conventional non-surgical periodontal
therapy in the complete debridement of subgingival pockets and have found reduced plaque-free
and calculus-free zones in deeper pockets122, 123. In a study on extracted teeth, scaling and root
planing (SRP) effectiveness in relation to probing or pocket depths was assessed122. In PD of up
to 3 mm, SRP was shown to be very effective with 83% of plaque-free sites following
treatment122. The effectiveness of SRP dramatically reduces in deeper PD with 39% of plaquefree sites in PD of 3 to 5 mm and 11% in PD of greater than 5 mm122. The same was proven
regarding calculus removal from tooth surfaces. Another study assessed the effectiveness of
conventional SRP on calculus removal and found again that in PD less than 3 mm deep, SRP was
86% effective based on calculus free sites123. In PD between 4 to 6 mm deep, SRP was only
43% effective and in PD greater than 6 mm, SRP was 32% effective123.

It has been shown in the literature that AFG can effectively and efficaciously reduce or
remove the supragingival and subgingival biofilm from tooth surfaces. The effectiveness of AFG
was assessed in one study based upon PD and surface area of root to be debrided124. In PD of up
to 3 mm, AFG application for 5 seconds was found to be as effective as SRP124. Petersilka et
al125 performed a split-mouth study comparing airflow using low-abrasive powder to the control,
SRP using hand instrumentation. The effectiveness of biofilm removal was assessed by
enumerating the number of colony-forming units (CFU)125. Following different treatments,
interdental pockets between 3 to 5 mm in depth were sampled and cultured125. The number of
CFU cultured from tested sites was significantly decreased compared to the control SRP groups,
indicating that air-flow polishing effectively reduces the biofilm in PD up to 5 mm125. Another
study by Flemmig et al126, subgingivally applied AFG was found to effectively reduce the
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subgingival biofilm in deep pockets between 4 to 9 mm in depth. In addition, AFG reduced
counts of P. gingivalis in treated patients126.

The use of airflow has also been studied in vitro and shown to be useful in the
decontamination of implant surfaces. An in vitro study assessed the efficacy of various
treatment modalities in the removal of bacterial endotoxin from machined and hydroxyapatitecoated titanium cylinders and found airflow polishing with abrasive powders to be the most
effective127. Zablotsky et al128 also studied the removal of bacterial endotoxins, but from
variously treated or roughened titanium surfaces in vitro, comparing different methods of
detoxification. Air powder polishing was found to be superior in removing lipopolysaccharide
from the titanium surfaces when compared to other methods of chemical detoxification such as
application of citric acid, antibiotics, chlorhexidine gluconate, and hydrogen peroxide, and
mechanical removal with ultrasonic scalers128. Another study assessed the removal of bacteria
from implant surfaces and also found airflow polishing to be superior to plastic scalers, Gracey
curets, ultrasonic scalers and chlorhexidine application129. A recent randomized controlled
clinical trial showed that airflow polishing effectively reduced levels of P. aeruginosa and S.
aureus, two pathogens found in peri-implant disease130.

Clinical evidence of treatment effectiveness in implant disinfection using AFG is still
lacking. A recent systematic review found that while some studies found that the adjunctive use
of AFG was beneficial in reducing gingival index scores and BOP around ailing implants, this
treatment alone was insufficient to prevent disease progression of peri-implant mucositis, as
were all other adjuncts to conventional SRP13. Indeed, there is conflicting evidence in the
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literature as to whether or not AFG is a useful adjunct in the treatment and decontamination of
infected implants exhibiting peri-implant mucositis or peri-implantitis. Because of this, more
research and understanding of the use of AFG to decontaminate ailing implant surfaces is
warranted.

2.2.1

Effect of glycine on oral tissues
Numerous studies have assessed the effect of AFG on oral tissues. Conventional

powders such as sodium bicarbonate have fallen out of favour due to their size and resultant
abrasiveness on hard tissues, such as cementum, dentin and enamel, and soft tissues, like
gingiva12. A recent systematic review assessed the results of seventeen studies and concluded
that glycine powder results in less damage to intraoral hard and soft tissue structures than sodium
bicarbonate or calcium carbonate powders131.

A clinical study assessed the effect of AFG against that of airflow with sodium
bicarbonate or hand instrumentation on the gingiva132. Teeth with PD of at least 5 mm were
randomly assigned to each treatment group132. Assessments were done via light microscopy and
histological score on gingival biopsies which were taken immediately following treatment as
well as after 14 days132. While following a healing period of 14 days, all sites appeared to
exhibit the same amount of healing, immediately after treatment, AFG resulted in significantly
less erosions of the soft tissue compared to hand instrumentation and airflow with sodium
bicarbonate132.
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Numerous studies have also investigated the effect of airflow or air abrasion with
abrasive powders on hard tissues in the oral cavity. Many studies have found that with
increasing treatment time, decreased treatment distance and increased power setting, there is an
elevated risk of abrading the tooth surface to a greater degree12, 131. In the systematic review by
Bühler et al131, a majority of studies appeared to assess defect depth, volume, amount of removal
of tooth structure and degree to which the tooth surface was roughened following treatment. Of
the studies assessed, glycine appeared to be the safest and least traumatic to hard tissues,
resulting in the least amount of tooth structure removal and defect formation131.

Another study assessed the effect of airflow with abrasive powders on implant abutment
surfaces, notably: grade II titanium disks133. Using scanning electron microscopy (SEM), the
disks were separated into different treatment groups and assessed for signs of abrasion133.
Treatment groups included no treatment, AFG and airflow with sodium bicarbonate powder133.
AFG was shown to be less damaging to the titanium surfaces compared to airflow with sodium
bicarbonate133. In addition, treatment with glycine powder was shown to actively inhibit
bacterial growth on the surfaces when left for a 24-hour period in the oral cavity following
treatment, indicating that glycine treatment may result in longer-term bacteriostatic effects133.

Overall, it has been established in the literature that AFG is safe and reliable for use in
the oral cavity and results in less soft and hard tissue trauma than airflow with other abrasive
powders such as sodium bicarbonate.
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2.2.2

Antibacterial properties of glycine
Aside from being effective when used as an abrasive powder to remove biofilm, staining

and plaque, glycine may have bacteriostatic or antibacterial properties134. Glycine-rich
polypeptides have been found to inhibit outer membrane protein synthesis in bacteria134. In
excess, glycine may act as a cation and promote permeability of the bacterial cytoplasmic
membrane135, 136. A more recent study showed that when used in conjunction with antibiotics,
glycine-containing compounds may serve to increase osmotic stress / pressure on the bacterial
cell wall, in the cases of Escherichia coli and Helicobacter pylori137. However, no studies
appear to have assessed the potential for a bacteriostatic or bactericidal effect on pathogens
commonly implicated in periodontal and peri-implant diseases.

2.2.3

Current consensus for the clinical use of AFG
Cobb et al138 published a recent consensus for the use of AFG around teeth. According to

the authors, AFG can be safely used around teeth and restorative materials to remove
supragingival and subgingival biofilm138. At PD up to 9mm, AFG is more effective in biofilm
removal than conventional SRP with hand instruments138. The is little to no evidence of soft
tissue trauma when using AFG138.

At the European Federation of Periodontology Meeting in 2015, Schwarz et al121
presented several recommendations for the clinical use of AFG around ailing implants. The
committee and resultant consensus concluded that while AFG effectively removed bacterial
biofilms from implant and implant abutment surfaces, it did so without damaging the physical
structure of the implant surfaces121. Although the use of AFG, even as an adjunct to
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conventional SRP, has not been shown to completely resolve the disease processes of periimplant mucositis or peri-implantitis, it may effectively reduce the level of inflammation of periimplant tissues as measured by BOP121. The incidence of post-operative air emphysema was
also noted in one case report of AFG139.

Currently in North America, only the nonsurgical application of AFG has been approved
by the Food and Drug Administration (FDA) and Health Canada.

Due to the heterogeneity of the studies and the protocols used for AFG, further studies
are necessary to better understand the effects of AFG on ailing implants as well as the
management of peri-implant diseases.
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Chapter 3: Aims and Hypothesis

3.1

Aims
Numerous studies have assessed the clinical applications of AFG for management of

peri-implant diseases. A majority of these studies have assessed the effect of AFG on the
decontamination of an ink-stained or specific endotoxin-infected titanium surface, the qualitative
changes in bacterial composition in patients as a result of AFG treatment, or clinical effects on
BOP or gingival index scores following treatment with AFG as compared to other adjuncts to
conventional SRP. No studies have cultured a mature biofilm on rough implant surfaces in vitro
and assessed the efficacy of AFG in decontamination. We aim to contribute further to the
current body of knowledge regarding the use of AFG in implant decontamination in order to
further support or refute its use in the treatment of peri-implant diseases.

3.2

Hypotheses

1. The application of AFG to a biofilm-contaminated SLAâ surface will more effectively
reduce or eliminate bacteria than the control.
1.1. The null hypothesis is that AFG will not remove bacteria from the SLAâ surface more
effectively than the control.
2. The use of AFG on a biofilm-contaminated rough surface titanium implant disk will be
significantly more effective at reducing bacteria than the application of air-flow alone (AF).
2.1. The null hypothesis is that AFG and AF will perform similarly with respect to reducing
bacteria.
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3. Increasing the distance between AFG source and SLAâ surface would decrease the
effectiveness of decontamination of the SLAâ surface.
3.1. The null hypothesis is that varying distances between source and surface would have
insignificant effect on decontamination effectiveness.
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Chapter 4: Materials and Methods

4.1

Mature oral biofilm grown on SLAâ surface
Bi et al140, Dostie et al10 and Schuldt141 described the in vitro oral biofilm model and

method for incubation used in the present study. The SLAâ implant surface is considered to be
moderately rough with a Sa value of approximately 1.78 µm6. Sterile SLAâ implant disks
measuring 5 mm in diameter and 1 mm thick (Straumannâ, Basel, Switzerland) were inoculated
with a dispersed subgingival dental plaque extracted from healthy volunteers. The disks were
first washed with phosphate-buffered saline (PBS) (Sigma-Aldrich, Saint Louis, MO) before
being individually placed in a 24-well tissue culture plate, each containing 2 mL bovine dermal
collagen type 1 solution (10 µg/mL collagen in 0.012 N HCL in water) (Cohesion, Palo Alto,
CA). The disks were incubated overnight at 4°C to allow for coating with the collagen solution.
Following this, the disks were again rinsed with 2 mL PBS before being individually placed into
separate wells of a new 24-well tissue culture plate, each containing 2 mL brain-heart infusion
medium (BHI). The dispersed dental plaque, at a minimum concentration of 3.2 x 107 CFU/mL,
was then added to each well and anaerobically incubated (AnaeroGen, Oxiod, UK) for 21 days at
body temperature, 37°C. Bi et al140 showed that the biofilms from different donors showed no
difference in morphology compared to biofilms from a single donor when cultured to maturity in
the conditions used in the present study. As such, subgingival plaque was collected from a single
healthy donor. The media was changed weekly. The resultant biofilm was a mature, subgingival
biofilm consisting of coccoid, rod and spirochete type bacteria.
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4.1

Treatment Protocols
Following the complete incubation period, the biofilm-contaminated discs (Figure 1)

were separated into triplicates and then into different treatment regimens or control groups.
Therefore, each treatment regimen was repeated three different times using three different
biofilms from the same donor140. The control groups included a no-rinse control with an
uninterrupted biofilm (n=6), a double-rinse control (n=6) where the contaminated discs were
rinsed twice with 6 mL 0.9% sterile saline, and a single-rinse control (n=6) where the
contaminated discs were rinsed once with 6 mL 0.9% sterile saline. Rinsing with sterile saline
was completed in 1 mL increments using a pipet to directly rinse each disc. For testing of AFG,
the Air-Flow Master Piezonâ (EMS SA, CH-1260 Nyon, Switzerland) was used (Figure 2).
Using this device, glycine contained within a separate, dry canister would be directed through the
nozzle and mixed with pressurized water to create the slurry of water and glycine. At maximum
power, when set to “PERIO” mode, the pressure generated by the machine ranges from 42 – 50.8
pounds per square inch (psi). The recommended treatment time per pocket is 5 seconds, as such,
a duration of 5 seconds was selected per sample. The different treatment regimens were (Figure
4):

1. AFG (50% power, corresponding to 21 – 25.4 psi) for 5 seconds with prior rinsing with
0.9% sterile saline (n=6)
2. AFG (50% power) for 5 seconds with no prior rinsing with 0.9% sterile saline (n=6)
3. Airflow with no glycine powder (50% power) for 5 seconds with prior rinsing with 0.9%
sterile saline (n=6)
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In additional experiments, a probe was used to standardize distances between the air-flow
device and the disc (Figure 3). As well, differences in AFG power setting were also tested
(Figure 4):

1. AFG (50% power) for 5 seconds at a distance of 3mm from SLAâ surface (n=9)
2. AFG (50% power) for 5 seconds at a distance of 6mm from SLAâ surface (n=9)
3. AFG (25% power, corresponding to 10.5 – 12.7 psi) for 5 seconds at a distance of 3mm
from SLAâ surface (n=9)
4. Airflow with no glycine powder (50% power) for 5 seconds at a distance of 3mm from
SLAâ surface (n=9)

Figure 1: Titanium SLA discs with untreated mature dental biofilm following 3 week incubation period
under anaerobic conditions at body temperature
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Figure 2: Hu-Friedy EMS Air-Flow Master Piezon (EMS SA, CH-1260 Nyon, Switzerland)

Figure 3: Use of probe attached to nozzle to standardize distance between air-flow device and disc in
Experiment 2.
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Biofilmcontaminated
discs incubated

Uninterrupted
biofilm (n=6)

Pre-rinse (6 mL
0.9% sterile
saline)

No pre-rinse

Rinse with 6mL
0.9% sterile
saline

Single-rinse
control (n=6)

AFG (50%
power)

Second rinse
with 6mL saline

AFG with no
prior rinsing
(n=6)

Double-rinse
control (n=6)

AFG (50%
power)

AFG with prior
rinsing (n=6)

Airflow with no
glycine powder
(50% power)

Airflow with no
glycine (n=6)

Figure 4: Workflow of experimental procedure for Experiment 1

Biofilm-contaminated
discs incubated

Uninterrupted
biofilm (n=6)

AFG (50% power)
for 5 seconds at a
distance of 3mm
from SLAâ surface
(n=9)

AFG (50% power)
for 5 seconds at a
distance of 6mm
from SLAâ surface
(n=9)

AFG (25% power)
for 5 seconds at a
distance of 3mm
from SLAâ surface
(n=9)

Airflow with no
glycine powder
(50% power) for 5
seconds at a
distance of 3mm
from SLAâ surface
(n=9)

Figure 5: Workflow of experimental procedure for Experiment 2
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4.2

Processing and preparation of samples for scanning electron microscopy (SEM)
Following treatments, samples underwent protein and lipid fixation, dehydration and

iridium coating in preparation for SEM. To this end, each disk was first placed into a separate
well in 1 mL of 0.1 M piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) (Sigma-Aldrich, Saint
Louis, MO) formulated to a pH of 7.4. After 2 minutes, the PIPES was exchanged from 1 mL
2.5% glutaraldehyde in 0.1 M PIPES (pH 7.4) for the fixation of proteins. Protein fixation was
completed in 30 minutes. Disks were then placed for 5 minutes in 1 mL 0.1 M PIPES.
Following this, lipid fixation was accomplished using osmium tetroxide in 0.1 M PIPES (pH
6.8). The samples were left in the osmium tetroxide for 60 minutes. Following lipid fixation,
the disks were rinsed via submerging in 2 mL of double distilled water (ddH2O) for 5 minutes
and repeating the rinse three times.

The dehydration of the disks was accomplished by soaking the disks in their individual
wells for 5 minutes at a time in increasing concentrations of a 200-proof ethanol (EtOH) and
ddH2O solution starting at 50% EtOH and increasing the concentration of EtOH in 10%
increments. At 100% EtOH, the disks were soaked for 5 minutes in new 100% EtOH three
times. After, the disks were further dehydrated in a critical point drier (Tousimis SamdriÒ-795
Critical Point Dryer, Rockville MA, USA).

The disks were then mounted on metallic studies via a conductive double-sided adhesive.
The perimeters of each disk and the entirety of exposed adhesive on the stud at the periphery of
each disk was then coated in colloidal silver. After the samples were dried overnight in a
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dehydrator, they were coated with 10 nm of iridium using the Leica EM MED020 Coating
System (Leica Microsystems, Wetzlar, Germany).

4.3

Scanning electron microscopy and data analysis
Imaging of each sample for assessment was done under scanning electron microscopy

(Helios Nanolab 650 Focussed Ion Beam SEM, Oregon, USA). The SEM images were taken at
the center of each disk at a voltage of 1 kV and at a magnification of 5000 times. The field of
view in each detailed image was 30 µm by 20 µm and represented a surface area of 600 µm2,
approximately 3 % of the total surface area of each disk.

The samples were reimaged for data analysis. Three sites of each sample were randomly
selected and imaged under SEM (Hitachi SU3500 Scanning Electron Microscope) at a voltage of
10 kV and at a magnification of 5000 times. Again, the field of view in each image represented
a surface area of 600 µm2. The number of bacterial cells from the three fields of view was
counted and averaged. The resulting means from each triplicate experimental set were again
averaged to provide a single average value of bacterial cells from each test group. ImageJ
1.51m9 software (National Institute of Health, Bethesda, MD, USA) was used to perform the
bacterial cell count in each image using the Cell Counter function.

4.4

Statistical analysis
Statistical analysis was done using a two-way analysis of variance (ANOVA) and post

hoc Tukey test using data collected from the mean bacterial counts pooled from each test group.
Only factors with a P < 0.05 were considered significant).
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Chapter 5: Results

5.1

Untreated control
Following the complete three-week incubation period of the biofilm onto the SLAÒ

disks, a thick, multi-species, undisrupted biofilm covered each of the disks, completely obscuring
the SLAÒ surfaces and resembling oral biofilms found in vivo. In the untreated control groups,
the mature oral biofilm model on SLAÒ disks was imaged using SEM (Figure 6). The majority
of bacteria were cocci which appeared to aggregate together in clusters and with rods,
resembling corncob formations, similar to the conformations of bacteria in oral plaque. Spiraland filamentous-shaped organisms were relatively few, but still observed amid the rods and
cocci. With various layers of bacterial cells superimposed, imaging of deeper layers of bacteria
was evidently obscured. The number of bacteria observed was too large to accurately enumerate.

5.1.1

Rinsed controls
The saline rinse controls, a single-rinsed (n=6) and double-rinsed (n=6) controls were

observed under SEM. Saline rinsing alone appeared to remove the superficial bulk of the
biofilm, leaving behind the deepest layer of cocci-shaped bacteria. The primary colonizers
appeared to remain on the SLAÒ surfaces within the grooves and pits, attached via more
permanent bonds to the surface. Between the single-rinsed (Figure 7) and double-rinsed controls
(Figure 8), little difference in quantity of remaining bacteria was noted. The mean bacterial
counts per field in single-rinsed and double-rinsed controls were 198.9 and 171.1 cells,
respectively.
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Figure 6: Untreated control; mature oral biofilm grown for 3 weeks on SLA surface as visualized on SEM
at 5000x magnification (Helios Nanolab 650 Focussed Ion Beam SEM, Oregon, USA).

Figure 7: Single-rinse control; remnants of the bacterial biofilm following 6 mL of rinsing with sterile saline
as visualized on SEM at 5000x magnification (Helios Nanolab 650 Focussed Ion Beam SEM, Oregon, USA).
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Figure 8: Double-rinsed control; remnants of the bacterial biofilm following 12 mL of rinsing with sterile
saline as visualized on SEM at 5000x magnification (Helios Nanolab 650 Focussed Ion Beam SEM).

5.2

Experiment 1
The use of AFG appeared to successfully remove the majority of the biofilm, including

the deeper layers of coccoid microorganisms that were not removed by saline rinsing alone.
Small numbers of cocci could still be found in deeper pits and irregularities of the surfaces. The
mean bacterial count after treatment with AFG and pre-rinsing was 7.7 cells per field of view.
The mean bacterial count after treatment with AFG but no pre-rinse was 5.9 cells per field of
view. Compared to single-rinsed and double-rinsed controls, AFG showed a statistically
significant reduction of bacteria (P < 0.01) (Figure 13). Pre-rinsing with saline did not improve
efficacy. Airflow without powder was no more effective in decontamination of the surfaces than
the single-rinsed and double-rinsed controls (Figure 12). The mean bacterial count when
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samples were treated with airflow alone was 169.3 cells. The result of AFG was significantly
more efficacious in the decontamination of the rough surfaces than airflow without glycine
powder (P < 0.01).

Figure 9: AFG (50% power) with saline pre-rinse (Helios Nanolab 650 Focussed Ion Beam SEM, Oregon,
USA).
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Figure 10: AFG (50% power) with no pre-rinse (Helios Nanolab 650 Focussed Ion Beam SEM, Oregon,
USA).

Figure 11: Airflow with no glycine powder with saline pre-rinse (Helios Nanolab 650 Focussed Ion Beam
SEM, Oregon, USA).
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Figure 12: Compared to double rinse control and airflow without powder, AFG shows statistically significant
reduction in bacterial cells (p < 0.01)

Figure 13: Compared to single rinse and double rinse, AFG shows statistically significant reduction of
bacterial cells on SLA surface (p < 0.01).
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5.3

Experiment 2
Different distances and power settings were tested in the second experiment. The

variable settings for distance were 3 mm and 6 mm at 50 % power settings. A lower power
setting, 25 % was selected at a distance of 3 mm.

While all test groups showed a statistically significant reduction of bacterial cells
compared to the control (P < 0.001), there was no statistically significant difference between the
results of AFG at different settings or distances (Figure 19).

At a setting of 50 % and 3 mm away from the sample, the mean remaining bacterial count
per field was 31.4 cells (Figure 14). Increasing the distance to 6 mm but without changing the
power setting resulted in a mean bacterial count per field of 39.0 cells (Figure 15). When the
power was set to 25% at a distance of 3 mm, the remaining mean bacterial count per field was
29.4 cells (Figure 16).
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Figure 14: AFG (50% power) at distance of 3 mm from surface (Helios Nanolab 650 Focussed Ion Beam
SEM, Oregon, USA).

Figure 15: AFG (50% power) at a distance of 6 mm from surface (Helios Nanolab 650 Focussed Ion Beam
SEM, Oregon, USA).
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Figure 16: AFG (25% power) at distance of 3 mm from surface (Helios Nanolab 650 Focussed Ion Beam
SEM, Oregon, USA).

Figure 17: Different power settings and distances showed similar efficiency in bacterial removal from the
SLA surface.
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Chapter 6: Discussion

With the upsurge in prevalence of peri-implant diseases, their management and treatment
are becoming an increasingly important topic in periodontology24, 66. While in a majority of
cases, the most predictable course of treatment is the removal of the implant, most clinicians and
patients might agree that this aggressive approach is best as the last option. Indeed, most patients
wish to attempt surgical therapy to save their ailing implant(s). Treatment of peri-implantitis is
particularly complicated due to the presence of bone loss and subsequent exposure of the implant
micro- and macro-structure to bacterial colonization. The tenacious presence of the biofilm on
the implant surface prevents the resolution of inflammation and the possibility of reosseointegration112. As such, better modalities for implant decontamination are required to
achieve more predictable outcomes of treatment. Modalities that have been tested thus far using
the same biofilm model as presented in our study have shown limited improvements in implant
surface decontamination. Commonly utilized chemical treatments such as CHX, tetracycline
paste and citric acid have shown no better results than the control saline rinsing10. While LPRF
showed excellent results in vitro, its use in vivo may be limited141. AFG may be an efficacious
method for implant surface decontamination13, 121.

At the time of writing this thesis, we are not aware of other studies that have assessed the
efficacy of AFG on the decontamination of a mature biofilm from a rough titanium implant
surface.
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6.1

The mature biofilm
The biofilm model presented in this study provides a sophisticated model of a true

biofilm that may be found in peri-implant mucositis or peri-implantitis lesions10, 140. Grown from
an oral biofilm for a period of three weeks at body temperature and in anaerobic conditions, a
subgingival multispecies microbial composition is favoured thereby mimicking the situation in
vivo. Further studies using different biofilm models may be warranted, however. Indeed, it may
be beneficial to culture a biofilm on a moving surface and / or using variable temperature settings
to better replicate the oral environment in vivo.

Previous studies have detailed the morphology and thickness of the mature, multispecies
biofilm grown10, 142. In this study, a single healthy donor provided the sample from which the
oral biofilm was grown. Whether or not a biofilm collected from a single donor is just as
representative as that collected from multiple donors was assessed in an earlier study140. It was
found that following the incubation period of three weeks, mature biofilms grown from various
sources were similar to that which was taken from a sample of oral biofilm from the single
healthy donor140. While this method provides us with a mature, multispecies, subgingival
biofilm, it may be beneficial to consider sampling bacteria from a peri-implant mucositis or periimplantitis site to better replicate the peri-implant diseased biofilm.

6.2

Results and limitations of study
The use of AFG in biofilm decontamination proved to be extremely effective. The mean

bacterial count after treatment with AFG and pre-rinsing was 7.7 cells per field of view. Rinsing
prior to the AFG made little to no difference in the effectiveness of AFG in decontamination of
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the implant surface. The mean bacterial count after treatment with AFG but no pre-rinse was 5.9
cells per field of view. By comparison, the double-rinsed control resulted in a mean bacterial
count per field of 171.1 cells.

A question that arose during experimentation was if the glycine powder was a
requirement for the removal of the biofilm, and whether or not the velocity at which the airflow
forced sterile water in the direction of the biofilm was sufficient to completely disrupt the
adhesion between the bacteria and the implant surface. The airflow device was therefore set so
that the powder was turned off and the device itself was purged prior to application of airflow
only to the biofilm. Airflow without glycine proved to be ineffective with respect to removing
the biofilm compared to AFG. The mean bacterial count when samples were treated with airflow
alone was 169.3 cells. Therefore, effectiveness between the control treatments with sterile saline
rinsing and airflow without glycine was not statistically significant. Indeed, it was evident that
glycine powder is required to remove the biofilm from the implant surface. It is difficult to
reconcile the average size of glycine particle (45 µm) and that of the roughened lacunae and
grooves on the surface which measured approximately 10 µm. It may be considered that glycine,
being water soluble, may begin to dissolve when added to the water within the airflow device.
As such, it is possible that variable, smaller sizes of glycine particles exist in the pressurized flow
of air, water and powder which may access the smaller grooves of the rough surface implant.
Imaging of glycine particles on SEM may have been beneficial to illustrate the size of the
particles against that of the implant surface.
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The number of microbes in the untreated biofilm was far too great to accurately
enumerate. In all the treatment groups, the majority of the biofilm was removed. With the
control groups involving single or double rinsing with sterile saline, the biofilm was disrupted,
but a large number of microbial cells persisted in the roughened surface of the implant. In the
control groups, these persisting bacteria appeared to coexist in aggregations as opposed to in the
samples that had been treated with AFG. The continued presence of microorganisms in the pits
and grooves of the implant surface following treatment was a common finding. This issue
persists with respect to decontamination of rough-surface implants as the microscopic pits of the
titanium surfaces are inaccessible by methods used to disinfect and thereby serve as refuges for
remaining bacterial cells. However, in comparison to similar studies10, 141 using the same biofilm
model as ours, AFG proved to be much more effective in removing bacteria even from the rough
pits and grooves. As stated above, compared to control groups, bacterial cells that persisted
following treatment with AFG did so not in clusters, but planktonically. This showed that AFG
is able to disrupt and remove the biofilm to such a degree that only single cells may persist in the
usually unreachable craters of the rough-surface implant. Indeed, it would be expected that in a
healthy patient the few remaining planktonic bacterial cells, once removed from the sessile state
by AFG, should be readily eradicated by host immune cells. In addition, because glycine has an
inhibitory effect on bacterial growth135, 137, its presence following treatment may result in a
sustained antibacterial effect on the implant surface133.

The morphology of the persisting bacterial cells is also of interest. In the untreated
biofilm, it is evident that a multispecies, stratified biofilm is present, representative of what
might be expected in peri-implant disease51. Morphologies that are visible include filamentous
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rods, spirochetes and coccoid cells organized in layers in a thick, 3-dimensional structure.
Following the removal of a majority of the biofilm with sterile saline rinsing as was done in the
single- and double-rinsed control groups, only rods and cocci remain. In AFG-treated samples,
only cocci bacteria remain. These bacteria appear to have the same morphology as the early
colonizers, suggesting that AFG is successful in removing the majority of the biofilm, including
many of the base layer of microbes which directly attach to the implant substratum46.

A limitation of the study is that the level at which survival bacterial cells persisted was
not quantified. In SEM, only the presence of living or dead cells can be qualitatively assessed.
This means that while cells can be visualized as persisting on the samples following treatment,
we cannot ascertain whether or not they are still viable. As such, there is a possibility that the
coccoid cells which persist may actually be nonviable cells. Methods to determine whether or
not AFG was effective in killing all cells of the biofilm might be considered in future studies.
Techniques such as confocal laser scanning microscopy or culturing of the discs might provide
additional information regarding the full potential of AFG.

In this study, it was apparent that regardless of treatment provided, persisting cells
remained and could be visible via SEM. AFG appears to have been the most effective modality
in our group of studies, being capable of almost completely decontaminating the titanium
surfaces. The small number of cocci cells which remaining do so in a planktonic form. Future
studies may assess the viability of these persisting cells. Theoretically, in clinical situations the
host immune system would be capable of and expected to eradicated any remaining planktonic
cells. Especially if etiological factors were also managed prior to surgical therapy, the formation
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of a new biofilm would likely be prevented. As well, there is no known threshold for biofilm
removal nor does a study exist wherein a minimum number of residual bacterial cells required to
re-establish the biofilm has been identified.

According to recommendations for use, our particular AFG device was directed at a 45°
angle to the tooth or implant surface at a distance of 3 mm from the surface. It was also
recommended that the power settings be set to approximately 50 %, although the manufacturer
recommendations do instruct to begin with powder settings at a minimum before increasing
steadily as required when used clinically. According to the manufacturer, the maximum
dynamic pressure produced by the AirFlow Master Piezon when set to “PERIO” mode ranges
from 42 – 50.8 psi. Therefore, at a power setting of 25 %, the pressure generated by the unit
would range from 10.5 – 12.7 psi, and at a power setting of 50 %, the pressure generated would
range from 21 – 25.4 psi. In our study, we selected distances of 3 or 6 mm to assess the effect of
distance on the efficacy of biofilm removal. The ability of AFG to remove the biofilm from the
implant surface was unchanged regardless of power setting or distance from the surface to the
nozzle. Indeed, there was no statistically significant difference between the results of AFG under
different settings. These results contradict those of Wei et al143 who found that increasing
pressure of airflow with abrasive powders would increase the efficacy of cleaning. In this
particular study, ink was used to stain the surface and cleaning efficacy was measured by ink
removal alone143. AFG was found to be relatively ineffective at removing ink at a 25 psi, but
increased in efficacy at 35 psi143. Effects for all test groups appeared to plateau at a certain air
pressure and while higher pressures appeared to result in better cleaning efficacy, more surface
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modification was noted, even in the glycine – treated groups143, an observation that was not
made in our particular study.

It is not feasible in vivo that a distance of 3 mm can always been maintained between the
AFG source and the implant surface, especially when one considers the high likelihood of
obstruction of the device by adjacent teeth, restorations, implants, and/or the suprastructure of
the implant. Indeed, even the depth of the peri-implant pocket would serve as a factor in
increasing distance between the airflow source and the implant surface. As such, 6 mm was
selected as the upper range of distance between the device and the biofilm and therefore might
best replicate the distance between the implant surface and AFG in vivo.

In order to standardize the distance between the AFG nozzle and the implant surface, a
probe was attached to the side of the nozzle and extended from its tip. Therefore, as the AFG
was activated, some of the periphery of the glycine and water slurry may have been somewhat
blocked and therefore would not have contacted the sample at the same velocity as it would if
unobstructed. As such, in the second experiment, the effectiveness of AFG might have even
been underestimated due to the interruption of AFG to the implant surface. Indeed, to have more
accurately test the variable distances between AFG source and the titanium surface, a mount
could be used to situate the AFG nozzle at variable heights. Instead of being handheld, the AFG
could therefore be operated from a fixed position and the biofilm-contaminated implant surface
could be held below the nozzle and moved back and forth. This may have allowed for an
uninhibited treatment of the biofilm.
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Another limitation of this study was that the biocompatibility of the surface and the
healing properties, if any, of glycine were not assessed. Studies have assessed the use of
biocompatible, osteoconductive powders with air-polishing on contaminated titanium surfaces
and have found promising results with respect to cell differentiation on treated surfaces144.
Future directions in our study might be to include the assessment of fibroblast and / or osteoblast
cell attachment, growth and differentiation when seeded onto AFG-treated implant surfaces.

The intrasurgical use of AFG is not yet been approved by the Federal Food and Drug
Administration or Health Canada. Indeed, the risk of air emphysema if used surgically exists121,
139

. However, based on the premise of this study, in order to adequately remove the biofilm from

the implant surface using AFG, the clinician may be required to gain direct access to the implant
surface to avoid obstruction of the implant surface. Indeed, in order for AFG to have much
effect, it appears that surgical access to subgingival, suprabony implant surfaces would be
required. The macrostructure of the implant also presents a challenge with respect to access.
Due to the threading on dental implants, the pitches of the implants may remain inaccessible for
the most part should the AFG be directed from coronal to apical as would be the case in a
nonsurgical approach. However, it would be reasonable to assume that in order to achieve
effective decontamination of the implant in vivo, the clinician may be required to angulate the
AFG nozzle above and under the threads in order to access the entirety of the pitches. As such,
for purposes of managing and treating peri-implantitis, it may be required that AFG be used
intrasurgically.
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With respect to the manner by which AFG actually decontaminates the implant surface, it
is unlikely that the antimicrobial properties of glycine, which a number of studies have alluded
to133, 135, 137, play much of a role in eradicating the biofilm. Based on the short duration of the
AFG, it is unlikely that there is the exposure time of the biofilm to the glycine is long enough for
the antimicrobial effects to take place. Instead, it is more likely that the abrasive qualities of the
powder itself serve to physically remove the biofilm as opposed to chemically.
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Chapter 7: Conclusions and Future Directions

7.1

Conclusions
The use of airflow with glycine is significantly more effective in the removal of a mature,

multispecies biofilm from a roughened titanium surface than control treatments with sterile
saline rinsing alone.

The use of AFG on a biofilm-contaminated implant disk was significantly more effective
in the removal of the biofilm than airflow alone, without glycine. Therefore, the addition of
glycine powder is required to remove the biofilm.

Variable power settings of the AFG unit and distances between the AFG nozzle and the
biofilm made no significant difference in the effectiveness of AFG.

7.2

Future directions
In this study, SLAâ implant surfaces were assessed, but it would be of interest to

investigate the potential of AFG in the decontamination of other commonly used titanium
implant surfaces which have been roughened or treated in alternate ways. As previously
discussed, an investigation of the viability of remaining bacteria could also be completed. In
future studies of the post-treatment effects of AFG, research should also be done to assess if the
presence of residual glycine on the implant surfaces may have a sustained bacteriostatic effect.
The application of a locally delivered antibiotic following AFG may also be assessed due to a
putative additive effect between glycine and antibiotics. As well, the biocompatibility and
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healing potential of glycine should be evaluated by assessing the degree of cell attachment and
differentiation when seeded onto AFG-treated implant surfaces.

The use of AFG in implant decontamination should be assessed in vivo to understand
how well the results of this in vitro study may translate into a clinical setting. If the disinfection
of implant surfaces in vivo is as effective as the results of this in vitro study, the risks of potential
complications, such as air-emphysema, should be further investigated. As well, the potential for
re-osseointegration following complete decontamination after AFG should be assessed in more
randomized controlled clinical trials.
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