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Abstract

Background: Nano-biomaterials have transformed traditional medicine and are now considered an essential part of modern medicine.
The present systemic review aimed to highlight the scope of silver nanoparticles in periodontal and peri-implant wound healing with
special emphasis on its antibacterial effects in the management of periodontal and peri-implant infection in in vitro and in vivo animal
studies.

Methods: A computer search of electronic databases, mainly PubMed, was conducted with a combination of keywords. The investigation
was limited to studies discussing the effects of silver or silver nanoparticles in periodontal regeneration and periodontal/peri-implant
healing and/or disease.

Results: The search resulted in 1566 articles of potential interest. Twenty-one articles were included in the systematic review for analy-
sis. Although with considerable methodological limitations, the in vitro and in vivo animal studies noted high antibacterial properties of
silver nanoparticles without any toxic effects on the cellular structure. In vitro and in vivo small-animal studies have demonstrated the
safety and antimicrobial efficacy of AgNPs in periodontal and peri-implant wound healing. However, the therapeutic potential of AgNPs
in clinical situations has not been explored.

Conclusion: There is a need to establish animal models that are closer in soft and hard tissue response to humans to verify the safety and
efficacy of silver nanoparticles. Owing to the potential risk of antimicrobial resistance with the contemporary antibiotics, unconventional
therapeutic regiments, like silver nanoparticles, that are safe and have high antimicrobial efficacy should be tried as an adjunct in the
management of periodontal and peri-implant therapy.

Keywords: Silver nanoparticles, antibacterial activity, periodontal wound healing, peri-implant disease

INTRODUCTION

With the integration of technology into medicine, understanding the disease mechanism and its cure has been signifi-
cantly improved.” This merger has broadened the horizons of biomedical science, and now the concept of restoration and
preservation of health is a reality.2 Numerous nanotechnology applications in healthcare include diagnostic and therapeutic
radiology, cell biology and delivery, tissue engineering, nanorobots, stem cell and organ therapy. genomics, intracellular
devices, and biomaterials science.3-

Since the introduction of nanotechnology in medicine and dentistry, significant progress has been noted in the clinical
applications of biomaterials.2 Nano-biomaterials have transformed the shape of traditional medicine and are now considered
as an essential part of modern medicine.?¢ Broadly, nanomedicine can be defined as the application of nanotechnology in
medicine. Innovation is a continual process; every day, we appreciate new nano-biomaterials' applications with the idea that
it is @ new therapeutic toolbox for several health issues. Since its introduction to the biomedical market, numerous innovative
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applications of nanotechnology have been offered to improve
the quality of life of humans worldwide.” Nanotechnology
has enhanced our diagnostic and therapeutic abilities through
its physical (nanoscopic size) and pharmacokinetic properties.
It is primarily used as a drug delivery/release system and tar-
gets specific cells and tissues in gene therapy.>’# From simple
diagnostic imaging to gene therapy in cancer patients, this
technology has tremendously influenced and amended our
understanding of the disease mechanism and its cure.’

Nanomaterials have gained significant importance in medi-
cine and dentistry for the last few decades due to theirinno-
vative applications.® Active research in dentistry is underway
to use nanotechnology in restorative materials as nanocom-
posite filling materials and also to prevent caries through
remineralization or early enamel lesions.” Now, nano-bio-
materials are widely used in cellular (bone and soft tissue
substitutes) and tissue engineering (scaffoldings), coating of
ceramics, and surface modifications of orthopedic and dental
implants.®™12

Metals, especially silver in the form of silver nitrate, have his-
torically been used as an antibiotic agent in ancient medi-
cine for many centuries.'® It was used in the form of hard
solid for the treatment of chronic wounds and ulcers. Other
applications include treatment of lachrymal and salivary fis-
tula (also, skin and anal fistulae).” In the early 19th cen-
tury, it was used in the form of a solution (mixed with linseed
oil) and concentrated ointments, as a caustic agent to treat
hypertrophied granulation tissues.’'® With the discovery of
the microscope in the late 19th century, antibacterial prop-
erties of silver were extensively studied. An extensive review
of the history of silver has been presented by Klasen (2000).®

Applications of silver in dentistry date back to the early 19th
century, where it started its journey as a filling material with
amalgam."” However, in recent years, with the advancement
in nanotechnology, silver has become an emerging bioma-
terial and has broadened its scope of applications.*® From
nanocomposites (as nanofillers) to dental implant coat-
ings, it has provided promising results.'® Antimicrobial and
anti-inflammatory applications of nano-biomaterials have
been extensively investigated.?° In this regard, silver and sil-
ver nanoparticles (AgNPs) in the prevention and or reduc-
tion of gram-positive and/or gram-negative bacteria have
been successfully applied.?’ The aim of the present systemic
review was to highlight the scope of sliver nanoparticles in
periodontal and peri-implant wound healing with special
emphasis on its antibacterial effects in the management of
periodontal and peri-implant infection in in vitro and in vivo
animal studies.

MATERIAL AND METHODS

To identify studies appropriate for inclusion in this systemic
review, a computer search of electronic databases mainly
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PubMed was conducted with the following keywords:
“SILVER AND GINGIVAL DISEASE," "SILVER NANOPARTICLES
AND GINGIVAL DISEASE," "SILVER AND PERIODONTITIS,”
“SILVER NANOPARTICLES AND PERIODONTITIS," "SILVER
AND PERIODONTAL,” "SILVER NANOPARTICLES AND
PERIODONTAL," "SILVER AND PERIIMPLANT DISEASE,"
“SILVER NANOPARTICLES AND PERIMPLANT DISEASE,"
“SILVER AND ORAL BACTERIA," "SILVER NANOPARTICLES
AND ORAL BACTERIA," "SILVER AND REGENERATION," and
"SILVER NANOPARTICLES AND REGENERATION" without
any language and time restriction. The present review was
registered with the National Institute for Health Research—
International Prospective Register of Systematic Reviews,
registration number CRD42017081883.

The search was limited to studies discussing the effects of
silver or AgNPs in periodontal regeneration and periodontal/
peri-implant healing and/or disease. Manual searches of the
bibliographies of all the retrieved articles were also performed
to include additional eligible publications. The literature was
screened independently in an un-blinded standardized way
by 2 authors (A.S. and S.Z.) for relevancy of the topic and
quality of the content. The eligible studies were identi-
fied using the inclusion and exclusion criteria specified for
the research. The differences were resolved by discussion
between the 2 authors; if no settlement could be reached,
the third researcher (Dr. J.Z.—relevant to the research field)
decided after a comprehensive review. The search strategy is
given in the flow diagram (Figure 1).

Inclusion Criteria

In vitro and in vivo human and/or animal studies that
investigated silver or AgNPs to treat periodontal/gum/
peri-implant disease.

Studies investigated the efficacy of silver or AgNPs on
oral/periodonto-pathic/plaque bacteria.

Studies investigated silver or AgNPs in dental implants
(surface coatings) and peri-implant disease.

Exclusion Criteria

Studies investigated silver or AgNPs in other general
dentistry procedures/products (restorative and pros-
thetic materials, adhesive).

Studies investigated silver or AgNPs to treat other medi-
calissues and infections (burns, skin, and eye infections).
Review papers/case reports.

RESULTS

Literature Search

Using a combination of proposed keywords, the search
resulted in 1566 articles of potential interest. After remov-
ing duplicates and studies not fulfilling the inclusion criteria,
48 papers relevant to the topic were assessed for full text. A
PRISMA flowchart describing the number of studies included
and excluded at the first and second levels, as well as the
reason for their exclusion at the second level of selection,
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is shown in Figure 1.2 Finally, based on the inclusion and
exclusion criteria, 21 studies were included in the systematic
review for analysis (Figure 1). Reasons for exclusion included
the article was a review paper, case report, and non-oral
investigation (skin wound healing).

Inter-Agreement Reliability

The inter-agreement reliability between the 2 reviewers was
97% (1531 out of 1578), 98% (1112 out of 1134), 95.8%
(46 out of 48), and 100% (21 out of 21 studies) at the iden-
tification, screening, eligibility, and inclusion stages, respec-
tively. Any discrepancies were resolved through discussion
until a consensus was reached involving a third researcher
(Dr. J.Z.). An array of methodological tools and formula-
tions (types and size of particles) of AgNPs were employed:;
hence, the quality of included studies could not be assessed.
Therefore, a narrative synthesis was carried out to describe
the results.

Data search acknowledged that the majority of the work was
conducted to explore wound healing (as dressings for burn
wounds) and antimicrobial affectivity on skin wounds and
plague biofilms in the form of bandages, ointments/creams,
mouthrinse, wafers, and nanoparticles. Besides, silver was
extensively studied as an anti-cariogenic and restorative

c
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dental biomaterial. Search also noted studies that evaluated
antimicrobial activity on titanium implants and/or titanium
disks to prevent or manage peri-implantitis. The included in
vivo animal studies were on beagle dogs, rabbits, and rats
that investigated the antibacterial and healing capacity of
AgNPs using polymerase chain reaction (PCR), micro com-
puted tomography (UCT), energy-dispersive x-ray spectros-
copy (EDS), radiographic and histological methods. The in
vivo human studies analyzed reduction in periodontopathic
bacteria. A detailed description of the studies included in the
review is presented in Table 1.

Silver-Nanoparticles in Periodontal Wound Healing and
Regeneration

The search identified 13 studies that investigated the effects
of AgNPs at the cellular level including human dermal fibro-
blasts, human epidermal keratinocytes, periodontal ligamen-
tal fibroblasts, and inflammatory and growth mediators like
interleukins, interleukin-12, tumor necrosis factor-alpha,
matrix metalloproteinases, and vascular endothelial growth
factor using cell culture and osteogenic differentiation cell-
viability analysis looked into the effects of AgNPs on the peri-
odontal ligament fibroblasts.?® They concluded that AgNPs
expedited osteogenic differentiation and inhibited infection.?
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Rani et al** (2015) in an in vitro analysis noted that AgNP-
impregnated guided tissue regeneration membrane may be
an effective way to prevent membrane-related infection.
Two recent studies using a rat model investigated periodontal
wound healing using membrane/CoePak infused with AgNPs
and reported improved therapeutic outcomes.?>26

In a clinical investigation involving 9 patients with >5 mm of
periodontal pockets, Bromberg et al?’ noted that sustained
release of silver ions resulted in a significant reduction in
anaerobic bacteria with superior outcomes in treating peri-
odontitis.?” Similar findings were also pointed out in a beagle
dog study. The application of silver sulfadiazine resulted in
the inhibition of plaque formation and reduction in gingivitis
and probing depths after 10 weeks of therapy.?®

Silver Nanoparticles and Dental Implants/
Peri-Implantitis

Eight studies that investigated the effects of AgNPs on den-
tal implant surfaces/titanium disks were included in the
review for analysis. Silver nanoparticle-coated dental implant
surfaces were tested for increased antibacterial and wound
healing capacity in several in vitro and in vivo animal studies.
A beagle dog study reported improved antibacterial and bone
level preservation with AgNPs. Similar enhanced outcomes
were reported in another beagle dog study that investigated
bone loss around implant abutments coated with a soda-lime
glass containing AgNPs.? Other in vitro studies that analyzed
antibacterial properties of titanium-nanosilver implant sur-
face against Aggregatibacter actinomycetemcomitans (Aa)
and Porphyromonas gingivalis (Pg) noted excellent antibac-
terial properties with these modified surfaces.>°

A recent in vitro study looked into the low pH-triggered sil-
ver-releasing titania-nanotube array implant and noted that
these modified implant surfaces are osseoinductive and have
the potential to control peri-implant infection.?" In summary,
these in vitro and in vivo animal studies, although with con-
siderable methodological limitations, noted high antibac-
terial properties of AgNPs without any toxic effects on the
cellular structure.

DISCUSSION

Several translational preclinical efforts have been made to
explore the antimicrobial activity, effects on plaque biofilm,
and wound-healing capacity of AgNPs in periodontal and
peri-implant healing. The review identified that AgNPs had
been successfully used to prevent or minimize the occur-
rence of periodontal and peri-implant infections. Also, sur-
face modifications of titanium implants or disks with AgNPs
have shown enhanced bone response and improved antibac-
terial activity against periodontal bacteria. The majority of the
studies have analyzed AgNPs as an anti-cariogenic material
in restorative materials, in the sterilization of root canals in
endodontic procedures, in acrylic resins in the fabrication of
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prosthesis, and in the orthodontic adhesive materials as fillers
and as an aid in the regenerative membranes.33233

Although in vitro and in vivo animal studies have demon-
strated successful therapeutic outcomes of AgNPs, the
current review noted only one human clinical study that
investigated the sustained-release silver wafers in the peri-
odontal pockets.?” The gingival crevicular fluid analysis of
9 patients showed that periodontal wafers released bioac-
tive silver for 3 weeks resulting in a significant reduction in
anaerobic microbes, especially Pg.?” Howell et al.?® on the
other hand, used a beagle dog model and reported that an
application of 2% silver sulfadiazine twice a day resulted in
a significant reduction in gingival inflammation and plaque
formation after 6 weeks.

Significant improvements have been made to enhance the
stability of AgNPs using different capping agents to avoid oxi-
dation of metallic silver, that is, to delay the process of dis-
solution and aggregation.?32 Although a precise mechanism
of antibacterial activity of AgNPs is not well-understood, it
has been suggested that it causes bacterial cell wall damage,
interacts with the bacterial cytoplasm, prevents DNA replica-
tion, involves in the disruption of bacterial protein, releases
free silver ions, and generates reactive oxygen species.3#20
Furthermore, AgNPs act on a broad range of bacterial tar-
gets, hence the potential for the development of antimicro-
bial resistance is quite rare.

Several studies have highlighted the potent antimicrobial
effects of AgNPs on Staphylococcus aureus and Escherichia
coli. Besinis et al®® investigated the antibacterial effects of
silver, titanium dioxide, and silica dioxide nanoparticles
against Streptococcus mutants and compared them with
0.5% (v/v) chlorhexidine digluconate. They found the effect
of 100 mg/L AgNPs in the media was 30 times more potent
compared with chlorhexidine against S. aureus. They con-
cluded that AgNPs were the best antibacterial agents against
S. aureus when compared with the conventional chlorhexi-
dine.*? Similar findings were reported by Lu et al** (2013) who
investigated the antimicrobial activity of AgNPs (of 3 different
sizes 5, 15, and 55 nm) against 5 anaerobic oral pathogenic
bacteria; S. mutants, Streptococcus sanguis, Streptococcus
mitis, Aa, Fusobacterium nucleatum, and aerobic bacteria E.
coli. They noted a better antibacterial effect against aerobic
bacteria compared with that of anaerobic bacteria.3*

A potential barrier in the widespread use of AgNPs is their
ability to cause harmful cellular effects that have been doc-
umented in vitro and in vivo animal studies. In this regard,
several in vitro studies working on kidney, liver, neural, and
fibroblast cell lines noted enhanced oxidative stress, throm-
bosis, hyper-inflammatory response, and genotoxicity result-
ing in cellular damage.*-%" Release of free silver ions from
AgNPs has been shown to affect sensory organs by causing
mitochondrial dysfunction in a dose- and time-dependent
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manner.?® Additionally, smaller size particles may cross the
blood-brain barrier and accumulate in the brain and may
adversely affect mature neurons.® Also, at higher doses,
AgNPs stay in other body organs like liver, kidneys, lungs, and
testis and result in the structural alteration of these organs.
There, these particles penetrate the cellular membranes and
cause apoptosis and reduction in cell viability.* Several in vivo
animal studies using rat models confirmed the retention of
AgNPs in multiple organ systems like in the kidney, liver,
and spleen. However, a high concentration was excreted in
the feces (>99%) and urine (<0.1%) within 4 weeks.*0-%?
Brandt et al.** in a murine model, investigated the percuta-
neous absorption of AgNPs and found lower concentrations
of these particles in inner organs (lung, liver, kidneys, and
spleen), blood, and feces.

In contrast, Munger et al.,**in an in vivo human study evalu-
ated the clinical, metabolic, and hematologic changes after
the oral administration of AgNP colloidal solution (10 ppm—
36 participants and 32 ppm—4 participants) in 60 healthy
participants.** The study did not find any observed clini-
cal and/or hematologic toxic effects of the tested solution.
Research also acknowledges that smaller doses of AgNPs are
nontoxic to human cells.*> An important limitation of the
current review is scarce in vivo animal and human studies
discussing the clinical and biological outcomes of the AgNPs.

Recently, the European Federation of Periodontology (EEP)
has proposed evidence-based guidelines for periodontal
therapy (systemic antimicrobial adjuncts)* and recognized
that the clinical outcomes of scaling and root planning could
be significantly improved with the adjunctive use of systemic
antimicrobials especially with a combination of amoxicil-
lin and metronidazole. Although minor, the clinical guide-
lines also acknowledged that the antimicrobial combination
(amoxicillin and metronidazole) was related to the most
significant occurrence of side effects.*® On the other hand,
locally delivered subgingival antimicrobial (adjuncts to scal-
ing and root planning), showed significant clinical improve-
ments in pocket depth reduction and clinical attachment
level without any side effects. With the introduction of the
recent EEP clinical guidelines, it is expected that the adjunc-
tive use of local and/or systemic antimicrobials in the peri-
odontal therapy will be significantly increased. In this regard,
due to the potential risk of antimicrobial resistance with con-
temporary antibiotics, unconventional therapeutic regimens
that are safe and have high antimicrobial efficacy should be
tried as an adjunct in the management of periodontal and
peri-implant therapy. The presented review has limitations;
some data was unavailable due to language restrictions.
Hence, some relevant studies may have been missed. Most
studies included in the review used small sample sizes and
presented short-term results. This could influence the inter-
pretation of the outcomes.
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CONCLUSION

Nano-biomaterials have transformed traditional medi-
cine and are now considered an essential part of modern
medicine.

Silver and AgNPs in the prevention and or reduction of
gram-positive and/or gram-negative bacteria have been
successfully applied.

The review identified that AgNPs had been successfully
used to prevent or minimize the occurrence of peri-
odontal and peri-implant infections.

Although in vitro and in vivo small-animal studies have
demonstrated the safety and antimicrobial efficacy of
AgNPs in periodontal and peri-implant wound healing,
its therapeutic potential in clinical situations has not
been explored.

This lack of confidence has been attributed to several
factors, including inappropriate formulations of AgNPs,
fear of adverse effects, and scarce translational research
using adequate animal models.

There is a need to establish animal models that are
closer in soft and hard tissue response to humans to
verify the in vitro outcomes and test the safety and effi-
cacy of AgNPs.
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