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1 | INTRODUCTION

| Bart A. van Oirschot'® | Jeroen J. ). P. van den Beucken®

Abstract

Peri-implantitis is an inflammatory disease of hard and soft tissues around osseoin-
tegrated implants, followed by a progressive damage of alveolar bone. Oral microor-
ganisms can adhere to all types of surfaces by the production of multiple adhesive
factors. Inherent properties of materials will influence not only the number of mi-
croorganisms, but also their profile and adhesion force onto the material surface. In
this perspective, strategies to reduce the adhesion of pathogenic microorganisms on
dental implants and their components should be investigated in modern rehabilita-
tion concepts in implant dentistry. To date, several metallic nanoparticle films have
been developed to reduce the growth of pathogenic bacteria. However, the main
drawback in these approaches is the potential toxicity and accumulative effect of the
metals over time. In view of biological issues and in attempt to prevent and/or treat
peri-implantitis, biomaterials as carriers of antimicrobial substances have attracted
special attention for application as coatings on dental implant devices. This review
will focus on biomaterial-based possibilities to prevent and/or treat peri-implantitis
by describing concepts and dental implant components suitable for engagement in
preventing and treating this disease. Additionally, we raise important criteria refer-
ring to the geometric parameters of dental implants and their components, which can
directly affect peri-implant tissue conditions. Finally, we overview currently available

biomaterial systems that can be used in the field of oral implantology.
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mucositis is considered the preceding step of the infection process
that evokes peri-implantitis, during which a biofilm-induced inflamma-

Routinely, missing teeth are being replaced by dental implants.
According to the American Academy of Implant Dentistry (AAID), 3 mil-
lion US citizens have dental implants and this number is rapidly grow-
ing by 500 000 annually (https://www.aaid-implant.org/dental-impla
nts/what-are-dental-implants/). As a consequence of the increased
number of dental implants, biological complications surrounding these
medical devices, prior to, during, or after the osseointegration process,
also increase.! The complications affecting peri-implant tissue are cat-

egorized as peri-implant mucositis and peri-implantitis. Peri-implant

tory process is initiated clinically diagnosed by bleeding on probing and
visual signs of inflammation limited to the soft tissues.? The continued
accumulation of inflammatory infiltrate around the implants promotes
disease progression of the hard tissues and concomitantly peri-implant
bone loss.?® Understanding the pathogenesis causing peri-implantitis
is required prior to considering any methods to prevent this disease
and/or establishing a therapeutic strategy.

Comparable to periodontal infection, peri-implantitis is a polymi-

crobial disease, which can also lead to bone resorption and eventually
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implant loss.2* Studies have reported infection-related implant loss
in 20% of patients during 5-10 years after implant placement.’
Etiological factors for this multifactorial disease have been discussed
in recent literature in order to manage and control this peri-implant
inflammatory process. Despite the high rate of dental implant suc-
cess (ie, up to 98%),° clinicians are increasingly confronted with a
new challenge: How to prevent and/or treat peri-implantitis? In this
sense, an important and antecedent event that precedes and directly
affects bacterial adhesion is the irreversible interaction between
material and bacteria, which is mandatory for direct biofilm devel-
opment. Since bacteria interact with the substrate surface and with
other species by specific and/or non-specific interactions, the design
and physicochemical properties of material surfaces used for den-
tal implants can determine the magnitude of attractive or repulsive
forces.” Therefore, all physical and chemical dental implant factors
capable of interfering with the bacterial adhesion process might be
imperative for future management possibilities.

Controlling peri-implant disease first requires the right diagnosis.
Limited bone loss from the first thread of the implant is not nec-
essarily considered as a diseased state.® A recent concept defines
peri-implant health as the absence of bone loss beyond crestal bone
level changes resulting from initial bone remodeling. The workgroup
4 of the 2017 World Workshop stated that peri-implant tissue health
can exist around implants with variable levels of bone support.” The
commonly exposed dental implant surfaces to the oral environment
have an important role to adaptive behavior of bacterial species,
becoming the base for pathogen colonization. In fact, subgingival
implant components have gained a steadily important role in con-
serving implant health due to their intimate contact with the peri-
implant soft and hard tissues.'®** Although inconclusive definitions
about the threshold levels of bone loss and/or attachment loss re-
main being discussed, peri-implantitis has been defined as “a change
in the level of the crestal bone in combination with bleeding upon
probing with deepening of peri-implant pockets in the light of previ-
ous examinations.”1#14

The issues involved in progressive peri-implantitis opened a win-
dow of new possibilities in managing this clinical complication. It has
instigated the development for new biomaterials, their modification,
design, and function. Here, we review the literature on emerging
options to prevent and manage peri-implant infections from a bio-
material perspective.

2 | CURRENT BIOMATERIAL-BASED
SOLUTIONS TO PREVENT PERI-
IMPLANTITIS

2.1 | Titanium as a biomaterial: Design and
engineering concepts for dental implants

Biomaterials, including dental implants and associated components,
can be defined as “any material, natural or synthetic, that can be
used for any period of time that interacts with biological systems, in
order to maintain or improve the quality of life of the individual.” To

date, titanium (Ti) is still contemplated as the most useful biomaterial
in dental implant therapy for implant screw material and abutment
connection. However, even though Ti has appropriate mechanical
and biological properties,15 its antimicrobial assets'® are insufficient
to avoid colonization by microorganisms. Consequently, microbial
infection remains the major cause of implant loss.Y”

Although peri-implantitis is modulated and mediated by the host,
microorganisms are always responsible to initiate the inflammatory
response.9 Consequently, even though other factors have beeniden-
tified as potential risk factors including clinical history of the patient

1,L*8Y any complication, which can favor

and poor plaque contro
microbial accumulation, can increase the risk of peri-implantitis.
Regardless the type of material, the design of a dental implant has
a considerable role in peri-implant tissue health. The macroscopic
geometric parameters of a dental implant and the implant position
within the bone influence the load transfer and stress distribution
to the connective tissue. In the absence of infection, occlusal stress
can stimulate an undesirable response of the mineralized tissue as
a consequence of the natural bone metabolism reaction.?° Here, it
is important to clarify that occlusal overload as a risk indicator for
peri-implantitis remains to be determined. So far, scientific evidence
correlates the biological complication of occlusal overload with the
potential risk of peri-implantitis development. Although evidence
is lacking that occlusal overload itself induces pocket formation in
a healthy oral environment, the excessive and continuous load on
dental implant components can disrupt the beneficial interaction be-
tween the abutment surface and barrier epithelial, which increases
the risk of microbial Ieakage.zi’22 Further, excessive loading forces
on dental implant abutments and crowns can cause screw fracture
and also disturb the bone-implant interface, facilitating the bacterial
colonization in the inner part of implants.?® The pathogenic micro-
organism accumulation on dental implants and their components
might stimulate inflammatory reactions in the peri-implant tissues
and induce peri-implantitis development‘24 Consequently, pros-
thetic platforms in implant dentistry must be correctly employed for
each particular clinical case.

In the absence of periodontal ligament, abutments act as a crit-
ical component that provides vertical and lateral support for the
dental implant structure. Commonly, it has hexagonal retaining
walls to resist lateral movement during the mastication process.
Initially, the external hexagon was developed to facilitate the inser-
tion of dental implants into bone.?> However, this abutment system
had limited resistant to rotation under lateral movements and con-
centrated forces along the axis of the implant create possible gaps
on the implant-abutment interface and increase the possibility of
abutment fracture.? Prospective studies revealed a high incidence
(ie, up to 40%) of screw loosening for this type of abutment system
in the molar region of the mandible.?” These complications com-
bined with the risk of fracture of the external hexagon in situations
of overload induced the development of anti-rotational internal
connections, by internal hexagons and the combination of screws
and frictional systems. Although cracks and fractures have been
observed independent of the connection type, multiple studies
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indicated that deep joints increase stability favoring stress distribu-
tion around dental implants.?®2? In order to avoid microleakage at
the implant-abutment interface, morse taper abutments have been
introduced as an efficient system to reduce microgap occurrence
(1-3 pm) at the implant-abutment interface.*° Sealing capability of
the implant screw-healing connection has been investigated, and
recent findings have confirmed that Morse taper healing screws
seem to better resist bacterial penetration compared with the in-
ternal hexagon.31 This is possible because the abutment is linked
to the implant through an internal tapered connection and the high
mechanical stability conferred by this system provides an adequate
biological seal 323

Conversely, even considering all benefits of the dental implant
design evolution, interface microgap values under dynamic-loading
conditions, below bacteria dimensions, are still a challenge. Studies
have shown microgaps for internal and external connection around
0.97 and 1.22 pm, respectively,®* that is, 5 to 6 times larger than
overall bacterial size. With bacteria generally having a size of 0.2 um
in diameter and 1-8 um in length, this means that microbial pene-
tration through this space is inevitable. Overall geometry of the
fixture-abutment interface affects the risk of bacterial invasion into
the internal part of the implant, even when using Morse taper.3>38
Consequently, other methods to prevent pathogenic microorganism
colonization and posterior biofilm formation are required in an at-

tempt to avoid peri-implantitis initiation.

2.2 | Physicochemical surface properties of dental
implants on peri-implantitis

Similar to the effect of geometric parameters of dental implant com-
ponents on disease initiation, physicochemical properties of differ-
ent substrates are suggested to play amajor role in peri-implant tissue
conditions. Two surface characteristics, which interfere directly
with prokaryotic and eukaryotic cell behavior, are roughness and
hydrophilicity.*? Depending on the dental implant component func-
tion, different roughness values are required. In case of an implant
surface, it has been known that relatively rough surfaces, average
roughness (Ra) values around 2 um,*®* directly promote the secre-
tion of proteins required for osteoblast differentiation and function,
forming a stable mechanical bone-implant interface.*? On the other
hand, roughness values around 2 um may facilitate the interaction
between surface and bacterial cells, affecting their morphology and
microbial profile.**** Indeed rough surfaces display irregular to-
pography, which protect bacteria against shear forces during their
initial reversible binding. Many previous works have reported a high
positive correlation between surface roughness and bacterial adhe-
sion.*¢"*8 Quantitative observation by CFU/mL showed a clear and
direct proportional growth of Streptococcus mutans according to the
increased roughness values.*? Similar finding was recorded by an-
other genus of bacteria. In a recent study, the authors assessed the
role of surface finish on biofilm formation and found a positive rela-
tionship between roughness and methicillin-resistant Staphylococcus
pseudintermedius biofilm growth.° Previous studies investigated the

CWILEY-Y

PERIODONTAL RESEARCH

minimum roughness incapable to interfere with bacteria adhesion
and values lower than 0.2 um were defined as a too limited rough-
ness below, which no further significant changes occur regarding
biofilm accumulation.’?

In an attempt to counteract bacterial colonization, implants have
been confectioned with different topographies, such as smoother
coronal threads of the implant (Ra ~ 0.2 um) and rougher apical
threads (Ra ~ 2 um). Especially for abutment surfaces, physical prop-
erties can be of clinical importance not only for interfering with
microbial adhesion, but also for improving the connection to soft
peri-implant tissue.>?

The quality of water-surface interactions displays the capacity
of the materials to influence microbial flora adhesion and promote
osteogenic and non-osteogenic soft tissue responses. As a non-
pharmacological treatment, recent studies have shown that physico-
chemical modification of titanium implant surfaces by UV irradiation
leads to a significant reduction in the attachment and biofilm for-
mation by human oral bacteria in the first 24 hours.”® In addition,
previous analyses have confirmed a favorable effect from hydro-
philic surfaces on osteoblastic differentiation and maturation.’*>’
The successful of primary stability of implants is dependent upon
the magnitude of bone directly deposited onto the titanium sur-
face without soft tissue intervention. Overall, bone cells are not
entirely attracted by hydrophobic property of titanium implant.
Nevertheless, superhydrophilic surfaces can increase adsorption of
protein, osteoblast migration, and proliferation and promote osteo-
blastic differentiation.>®°® In vitro and in vivo studies have proved
the rapid and complete establishment of bone-titanium integration
in superhydrophilic surfaces, regardless surface topography.>®¢°
This technology has already been applied in dental implant therapies
with a new chemically modified hydrophilic sand-blasted large-grit
acid-etched surface (SLActive), for example.61 However, with regard
to the physicochemical modification of titanium implant surfaces by
UV irradiation, the disadvantage of this treatment approach against
peri-implantitis is the limited effect of the surface modification, on
late biological complications. Furthermore, the premise of the hy-
drophilic surface as a desired feature for soft tissue behavior is not
totally clear.

Epithelial connective tissue provides a biological seal to resist
external mechanical forces. Additionally, soft tissue surrounding the
implant neck acts as a defensive wall protecting the internal envi-
ronment against foreign invaders.3*? Interestingly, epithelial cells
have shown a positive response when in contact with hydrophobic
materials, in terms of quality of spreading and cell morphology.®®%
And the importance goes further cell viability. It is already known
that alterations in cell morphology can affect gene expression mod-
ulation and consequently the molecular connections between inte-
grins, cytoskeletal filaments and surface.®>%® This indicates that the
knowledge about the cell-surface interaction ability is the key in the
development and application of new implant materials. Therefore,
physicochemical optimizations of dental implant components repre-
sent a straightforward modality to minimize bacterial accumulation
and maximize tissue integration.
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3 | BIOMATERIAL-BASED SOLUTIONS
AS FUTURE PERSPECTIVES TO PREVENT/
TREAT PERI-IMPLANTITIS

In an attempt to prevent/treat bacterial colonization on dental im-

67-69 metallic nanoparticles have been in-

plant system components,
vestigated as a potential coating material on titanium substrates.”®
However, the wide broad-spectrum antimicrobial properties de-
pend on the metallic nanoparticles concentration. Potential con-
cerns have been raised about the effect of metallic nanoparticles on
human cells, even at low concentrations. The unanswered questions
about cytotoxicity of these compounds upon long-term exposure
have triggered great efforts in setting up new possibilities to fight
peri-implantitis.”*

Nowadays, an interesting paradigm shift brings up new possibil-
ities to antimicrobial drug applications. Considering that antibiotics
still remain as important protagonists to treat infection diseases, the
idea in reducing microbial resistance can be achieved by controlled
and directed delivery of specific drugs. The overall short-term ben-
efit of local antibiotic administration has been proven in controlling
inflammation from affected periodontal sites.”>”® The efficacy
of the locally delivered antibiotic in managing peri-implantitis has
shown improvements in probing depths that were significantly re-
duced compared with (non-treated) controls.”* From this principle,
biomaterials emerge as a valuable tool to improve drug specificity
to the desired site of action. Among drugs profile, doxycycline, tet-
racycline, metronidazole, and minocycline have been selected as
antibiotics to be incorporated in the delivery system.”””” Besides
antibiotics, antimicrobial peptides have been investigated as drug
possibilities to fight oral infections.”® Further, depending on the tar-
get, biomaterial modifications can be employed on different parts
of implants to either prevent infection or treat peri-implantitis. In
this section, we outline some biomaterials as a straightforward pros-
pect to prevent peri-implant mucositis, which means that the disease
has not established yet and the reversible inflammatory process is
limited to the soft tissue.”’ Furthermore, we discuss the possibility
of using the same biomaterial systems to an advanced stage of the
disease.

Hydrogels are hydrated polymers that exhibit meaningful ther-
apeutic versatility, designed for human application‘80 These bioma-
terials form a strong cross-linked network of natural or synthetic
molecules capable of storing biological drugs on their internal
spaces. Among biomaterials used for hydrogel fabrication, polysac-

81)

charides (eg, dextran and chitosan®") and proteins (eg, gelatin and

fibrin) are well-studied standards of natural polymers.82’83 Regarding

synthetic biomaterials, polyvinyl alcohol (PVA),8+8>

polyethylene
glycol (PEG),2° and poly(acrylic acid) (PAA) are widely used examples
of hydrogel-forming polymers. Overall action mechanisms involve
either hydrogel ability to encompass different antimicrobial sub-
stances into the multilayered polysaccharide for eventual release or
by covalently attaching therapeutics to the network.®” This hydrogel
engine was shown effective as a coating on titanium implants with-

out inducing an inflammatory reaction. The idea was to develop an

antibiotic-loaded hydrogel loaded to offer a local protection for im-
plants against bacteria without interfering with bone apposition or
inducing a local or systemic inflammatory reaction.®®®’ The versatil-
ity of hydrogels and the succeeded in vitro and in vivo outcomes®®8?
makes it an interesting candidate to counteract implant-related
infections.

Another recent approach is layer-by-layer (LbL) coating deposi-
tion, which could lead to higher efficacy and fewer adverse effects
regarding controlled release of antimicrobial substances.”® The mul-
tilayer coating buildup via LbL is based solely on electrostatic at-
tractions between polyelectrolytes with opposite charges. For this,
three important characteristics must be taken into account: prop-
erties of the substrate, polyelectrolytes, and antimicrobial agents.
For LbL construction, different polyelectrolytes have been used
to develop the multilayered coating, including synthetic polymers
poly-L-lysine (PLL), polyethyleneimine (PEI), polyacrylic acid (PAA),
natural polymers (chitosan, hyaluronic acid, DNA, and proteins),
and lipids.”*?% As a key concept in LbL technology, self-assembly is
primitively based on noncovalent interactions between molecules.
This means that these interactions can suffer from external factors
related to environmental conditions.”*?” The dynamic essence of
those noncovalent interactions maintains the three-dimensional
structures of large molecules, which can exhibit stimuli responsive-
ness to various physical, chemical, or biological stimuli, including
temperature, light, pH, ionic strength, redox agent, and enzymes.”®
This allows for controlling the desired substance delivery to a spe-
cific target site. Based upon current knowledge of peri-implantitis
pathology, a wide pH variation within peri-implant tissue is generally
observed at different stages of disease. For instance, an acidic pH
is present during acute inflammation, which shifts toward alkaline
values during chronic inflammation.”” As a consequence of acid-base
conditions, each inflammation phase will directly affect the micro-
bial profile. The alkaline pH may play a role in peri-implant infections
since Gram-negative anaerobic bacteria species often flourish in rel-
atively higher pH levels.2°%1%1 Hence, LbL systems could deliver an-
timicrobial substances under varying pH conditions and initiate drug
release against peri-implantitis once required.

Since hydrogels easily respond to certain stimuli, these poly-
meric structures could also be used to control antimicrobial agents
release behavior and ultimately therapeutic outcomes. A number of
different mechanisms, including those based on pH, redox potential,
or enzymatic changes, produced during the disease initiation, could
destitute the drug and affect the multilayers morphology.1°%1%% As
a consequence of this action, the structural and chemical LbL mod-
ifications would allow slow release of antimicrobial agents overtime
(Figure 1). For example, to achieve slower release kinetics, a pH-re-
sponsive polymeric capsules were assembled combining poly(2-di-
isopropylaminoethyl methacrylate PDPA and poly(methacrylic
acid) (PMA) via LbL assembly and cross-linked by click chemistry.103
Effectively, PDPA undergoes a charge-shifting transition from hy-
drophobic to hydrophilic when in an acidic environment. With this
strategy, the capsules swell, allowing degradation of the instable di-
sulfide bond moieties, and release the drug.1%41° |n order to create
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FIGURE 1 Proposed antimicrobial mechanism addressed to peri-implantitis prevention. Biomaterial coating onto Ti substrate to release

antimicrobial substances after inflammatory process initiation

effective multilayer systems on implant devices to reduce implant
failures, it is important to understand how each material responds to
biological conditions and how it interacts ion with the antimicrobial
agents.”®

Besides antimicrobial coating properties required to prevent bac-
terial colonization on subgingival dental implant surfaces, it is also a
necessary functional peri-implant epithelial sealing at the interface
of the implant, especially at the coronal margin.106 The natural ability
of epithelial cells in attaching to the tooth surfaces and maintaining
the integrity of internal environment should be preserved to dental
implant structures. In a recent investigation, it was shown that the
potential of platelets to improve peri-implant epithelial sealing with
basal lamina attachment at the interface of the implant. The idea
in modifying the titanium surface with protease-activated recep-
tor 4-activating peptide and platelet-rich plasma was successful in
demonstrating epithelial attachment with no bacterial invasion into
the interface of the epithelial sheet.)®” The antimicrobial peptides
naturally released from epithelial cells were competent in avoiding
bacterial colonization at the epithelial sheet.!?’

In an advanced stage of the disease, with the constant and in-
creased presence of dangerous bacterial products and consequent
immune inflammatory biological response, elimination of the biofilm
from the implant surface is the prime process to interrupt disease
progression.’°® However, depending on the bone loss extension,
complete eradication of biofilm attached on dental implants is
not easy, mainly in the apical regionlog’110 because peri-implant

pocket becomes deeper as the bone resorbs. Nowadays, focus on

peri-implantitis treatment requires primarily mechanical nonsurgi-
cal/surgical therapy for removal of the biofilm and calcified deposits
from the implant surface.’®*'! Although, those current therapies
have been found to reduce probe depth and bleeding, from a clinical
perspective, the evidences on their efficacy to treat peri-implantitis
are still limited.

In order to improve the efficiency of the mechanical debride-
ment of peri-implant pockets, biomolecules/drugs have been
incorporated into an LbL system to be applied to the affected im-
plant sites.!'? To achieve this goal, LbL deposition process on Ti
substrates should be capable of releasing a sustained high dose
of antibiotic specifically into affected sites and facilitating new
bone formation to ensure intimate contact between the bone and
implant surface (Figure 2).118 Concomitantly, coating should com-
bine advancements in surface chemistry to disclose the capacity
of stimulating an effective epithelial tissue barrier surrounded
implant-abutment components against bacterial penetration.!'*
Although most of the conclusions regarding the biomedical appli-
cations of LbL self-assembly has been derived from in vitro stud-

ieS,MS'MS’Mé

the ability of this system in incorporating drugs and
the versatile chemical properties of polyelectrolytes for coating
any surface render the method attractive.

As mentioned earlier, antibiotics are still considered important
protagonists to fight disease and the drastic issue provoked by the
microorganism resistance can be relieved by its punctual and local
application. However, the undesired collateral effects provoked

by indiscriminate antibiotic prescription has pushed alternative
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FIGURE 2 Proposed antimicrobial mechanism addressed to peri-implantitis treatment. Biomaterial coating onto Ti substrate to release a

sustained high dose of antimicrobial substances into affected sites

antimicrobial agents to take this approach to the next level.!'
Another special interest in the field of biomaterial-based solutions
for peri-implantitis is mimicking the structural and functional com-
plexity of the biological system by developing synthetic bioma-
terials. Since peri-implantitis is modulated and regulated by the
host, a mechanism to interrupt the inflammatory pathway could
be convenient to block bone resorption. Virulence factors, such as
lipopolysaccharides (LPS) of the outer cell wall of pathogenic bac-
teria, can bind to Toll-like receptors (TLR) from epithelial cells and
trigger the innate inflammatory response. The subsequent release
of the complex pro-inflammatory agents, like cytokines and other
mediators, evoke bone resorption. These molecules can overall
activate the immune response; however, the pathway involved
in this process will depend on the bacterial species. For example,
it has been demonstrated that B-cell proliferation is differently
regulated by P gingivalis and Escherichia coli (E coli) LPS. 118119 The
advance in understanding the function of LPSs from different spe-
cies in triggering the immune system represents the possibility of
recognizing the role of pathogenic bacterial species in the disease

beginning and its progression.

4 | CONCLUSION

In this review, we presented a wide range of biomaterial-based
possibilities for the treatment of peri-implantitis. Physicochemical
modifications of dental implants play a role in the reduction
in microorganism adhesion but do not avoid peri-implantitis.
Biomaterials can also be used as carrier coating for antimicrobial
agents to support the prevention and/or treatment of peri-implant
mucositis and peri-implantitis. Remaining challenges in this field

involve optimization of coating assembly to improve long-term

storage of multilayer systems and to control new triggered and
responsive release mechanisms. Further research in the advance-
ment in materials capable of coordinated and sustained multidrug
release is needed to provide new avenues for prevention and/ or

treatment of peri-implantitis.
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