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SUMMARY

Implant devices have = proven a successful treatment modality in reconstructive
surgeries. However, increasing rates of peri-implant diseases demand further
examination of their pathogenesis. Polymicrobial biofilm formation on titanium
surfaces has been considered the main risk factor for inflammatory processes
on tissues surrounding implant devices, which often lead to implant failure. To
overcome microbial accumulation on titanium surfaces biofilm targeting strate-
gies have been developed to modify the surface and incorporate antimicrobial
coatings. Because antibiotics are widely used to treat polymicrobial infections,
these agents have recently started to be incorporated on titanium surface. This
review discusses the biofilm formation on titanium dental implants and key fac-
tors to be considered in therapeutic and preventative strategies. Moreover, a
systematic review was conducted on coatings developed for titanium surfaces us-
ing different antibiotics. This review will also shed light on potential alternative
strategies aiming to reduce microbial loads and control polymicrobial infection
on implanted devices.

INTRODUCTION

Titanium (Ti) has been used as the main biomaterial for orthopedic and dental implant devices due to its
excellent physical-chemical properties and high biocompatibility with host tissues that promote predict-
able long-term treatment (Spriano et al., 2018). Nonetheless, once exposed to the external environment,
implants are also exposed to microbial adhesion and biofilm formation (Lang et al., 1993; Marsh et al., 2011;
Mombelli and Décaillet 2011), which ultimately can trigger local inflammation in the surrounding tissues
(Arciola et al., 2018).

Polymicrobial biofilm infections are the main reason for dental implant failure, which is associated with an
exacerbated inflammatory response followed by significant tissue damage, resulting in loss of supporting
structures (Nguyen et al., 2017). Progressive biofilm maturation and polymicrobial community assembly
often result in increased virulence (Costerton et al., 1995; Flemming and Wingender, 2010; Bowen et al.,
2018), and this process has been implicated as a critical factor in the pathogenesis of biofilm infections
(Bowen et al., 2018). Although a host inflammatory response aiming to activate immune functions and con-
trol the microbial growth is present, this process can also result in a hypervirulent and multidrug-tolerant
biofilm (Marsh and Devine, 2011). Such biofilms are challenging to treat due to their complex microbial
composition and tridimensional structure (Flemming and Wingender, 2010; Arciola et al., 2018). This fact
may explain the lack of consensus regarding the effective treatment strategies for oral implant-related in-
fections (Heitz-Mayfield and Mombelli, 2014).

Although oral biofilm formation has been widely explored in the literature, it has been focused mainly on
dental surfaces (Bowen et al., 2018). However, in recent years, dental implants have been widely used in the
replacement of missing teeth, and therefore, their different surface properties, which directly affect bio-
logic responses and microbial adhesion, must be considered in developing therapeutic strategies related
to biofilm removal (Song et al., 2015; Souza et al., 2020a, 2020b). Therefore, the knowledge we gained on
biofilm formation on oral surfaces cannot be simply transferred to implant surfaces. To overcome microbial
accumulation on Ti surfaces some anti-biofilm strategies have been developed, mainly focused on surface
properties and antimicrobial coatings (Song et al., 2015; Ferraris and Spriano, 2016).
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Figure 1. Venn diagram of proteins adsorbed on titanium (Ti), enamel, and dentine surfaces from saliva (S) and
plasma (P)

Surfaces were exposed to human stimulated saliva or human plasma for 2 h at 35°C in an orbital shaker (70 rom) and
evaluated by liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Numbers in parentheses are
total proteins identified in each surface. Although there are shared proteins among the surfaces and in the different fluids
(saliva and plasma), all groups/surfaces showed unique proteins adsorbed, showing the effect of chemical and physical
properties of substrate to modulate protein adsorption.

Several antimicrobial molecules, compounds, and ions were functionalized on Ti material to reduce viable
microorganisms in biofilms forming on the surface (Ferraris and Spriano, 2016; Chouirfa et al., 2019).
Because antibiotics have been used to treat polymicrobial infections, including oral infections, these
agents have also been loaded on Ti surfaces as a coating layer, aiming to provide bactericidal and/or
bacteriostatic effect (Darouiche, 2004; Davidson et al., 2015; Stevanovi¢ et al., 2020). Even though this
may be a promising approach to control microbial accumulation on implanted devices, such strategies
must be developed using agents and conditions that do not damage the physical-chemical properties
of Ti surface, so that biocompatibility with oral tissues can be maintained. This review aims to discuss
the biofilm formation process on Ti material and key factors to be considered by therapeutic strategies us-
ing antibiotic agents loaded on surfaces, focusing on current and emergent biofilm control strategies.

Polymicrobial biofilm formation on titanium surfaces

Protein adsorption on implanted biomaterial is considered the first biologic response immediately after im-
plantation in the human body. In the oral environment, both saliva present at the supragingival level and blood
plasma at the subgingival level are protein-rich fluids in contact with dental implant devices (Lendenmann
et al., 2000; Rabe et al., 2011). The protein layer adsorbed on implant surfaces is responsible for mediating
subsequent cellular events, such as microbial and host cell adhesion (Kalasin and Santore, 2009; Rabe et al.,
2011; Burgers et al., 2018) as well as the osseointegration process of dental implants (Romero-Gavilan
et al., 2017). Importantly, our group and others have shown that the chemical composition and topography
of Ti surfaces affect the proteomic profile of proteins adsorbed from saliva and plasma (Dodo et al., 2013;
Pantaroto et al., 2019; Souza et al., 2020a). Moreover, Lima et al. (2008) showed that the pellicle protein compo-
sition on Ti surfaces is different compared with hydroxyapatite surfaces (main mineral of tooth enamel),
confirming the effect of different material surfaces in the oral environment in modulating protein adsorption.
In fact, our unpublished work showed differences in the proteomic profile of proteins adsorbed after 2 h from
saliva versus plasma on Ti, enamel, and dentine surfaces (Figure 1). Interestingly, we observed differences not
only between saliva and plasma but also among the different substrates tested.
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Figure 2. Steps of biofilm formation on titanium biomaterial

Dental implant surfaces made of titanium biomaterial provide the substrate for polymicrobial biofilm formation in the oral
environment. Titanium surface is immediately coated by proteins from saliva (supra-mucosal segment) and plasma (sub-
mucosal segment) after implant insertion. (1) Protein adsorption on the surface forms a layer with a composition directly
affected by the chemical and physical properties of the surface. This layer is the main mediator of microbial adhesion
through adhesin-receptor interactions. (2) Initial colonizers, mainly Streptococcus species, adhere on the surface binding
to the protein layer. (3) Subsequently, co-aggregation processes and interaction between different species promote
biofilm accumulation. (4) This synergistic interaction among organisms continues to contribute to the biofilm structure.
These microbial communities are gradually embedded in the extracellular matrix, formed mainly by exopolysaccharides,
eDNA, and proteins. This biofilm environment (structure) enhances the microbial interaction and cooperation,
antimicrobial resistance, and nutrients/biomolecule retention-diffusion (created by BioRender®).

Protein adsorption on surfaces is the first step preceding microbial accumulation and the main mediator of
oral microbial adhesion (Whittaker et al., 1996; Rabe et al., 2011). Oral bacteria can adhere on natural oral
surfaces or on the surface of any material placed in the mouth, once it is coated with saliva/serum proteins.
Thus, the human oral cavity provides a unique environment for microbial adhesion and polymicrobial ag-
gregation hosting close to a thousand of bacterial species detectable by high-throughput 16S rRNA gene
sequencing (Dewhirst et al., 2010; Welch et al., 2019). Even though Firmicutes, Proteobacteria, Actinobac-
teria, Bacteroidetes, and Fusobacteria have been described as the most abundant taxa in the oral cavity
(Zaura et al., 2009), it is known that different intraoral niches harbor distinct bacterial communities, with
unique sequences for different niches (Zaura et al., 2009). The recognition of protein pellicle receptors
by early colonizing bacteria (second step of biofilm formation) allows the selection of certain microbial
species accumulation on exposed surfaces (Kolenbrander et al., 2006). These early colonizers, in the dental
surfaces, are mostly composed by Streptococcus, Actinomyces, Gemella, Granulicatella, Neisseria, Prevo-
tella, Rothia, and Veillonella species (Kolenbrander et al., 2006). However, in dental implants Strepto-
coccus, Fusobacterium, and Capnocytophaga species have been reported to be more abundant on the
surface immediately after implant insertion (Furst et al., 2007), suggesting some differences when
compared with dental surfaces. After initial microbial adhesion, interactions among different species
known as co-aggregation (third step of biofilm formation) are proposed to drive the maturation of the bio-
film structure. In this way, a specific process of co-aggregation takes place where each strain co-aggregates
with a specific set of strains in a well-orchestrated bacterial succession, which results in the incorporation of
late colonizers in the biofilm (Kolenbrander et al., 2006). The structure formed is a polymicrobial biofilm,
which is characterized by microbial communities enmeshed in a three-dimensional (3D) extracellular matrix
attached to a surface (Costerton et al., 1995; Koo et al., 2013). This structure has specific characteristics that
promotes microbial growth, creating a well-established and stable “climax community” (Step 4 of biofilm
formation) that thrives within its microenvironment in which they have ideal physicochemical conditions,
increased virulence, and antibiotic resistance (Socransky and Haffajee, 2002; Marsh et al., 2011) (Figure 2).

Even though initial differences are seen for early colonizers in teeth and implants, after 24 h of biofilm for-
mation some similarities were found by 165 rDNA sequencing on Ti and enamel surface, with both surfaces
colonized by Firmicutes, Proteobacteria, Fusobacteria, Bacteroidetes, Actinobacteria, and candidate divi-
sion TM7 (Melo et al., 2017). In spite of the microbiome similarity in biofilms formed in teeth and implant
surfaces in health, a cross-arch controlled in vivo study showed that smooth implant surfaces accumulated
less biofilm than teeth and showed a more heterogeneous microbiome shift during the absence of oral hy-
giene, which promoted inflammation around both implants and teeth (Schincaglia et al., 2017). In fact, even
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with some biogeographic proximity and similar oral microenvironment, dental and implant surfaces can
show significant differences in their microbial ecosystems (Dabdoub et al., 2013). These differences may
be explained by the higher clinical signs of inflammation at tooth sites compared with implants (Zitzmann
etal., 2001; Schincaglia et al., 2017), which may modulate microbiome composition. Because surface prop-
erties such as chemical composition and roughness affect the first step of biofilm formation (Souza et al.,
2020a), certain differences in microbial attachment are expected even in early stages. However, subse-
quent environmental pressures, such as local degree of inflammation, may further modulate the late stage
of microbial community growth.

Relationship between bacterial microbiota and peri-implant tissue damage

Polymicrobial biofilms forming on dental implant surfaces are considered the main etiologic factor for in-
flammatory disease processes known as peri-implant mucositis and peri-implantitis (Berglundh et al.,
2018). These conditions are the main reason for dental implant treatment failure showing a high preva-
lence, with more than 40% of implants affected by mucositis and more than 22% affected by peri-implantitis
(Salvi et al., 2017). In the oral cavity, peri-implant mucositis is characterized by inflammation in the mucosa
around dental implants, but its progression and subsequent progressive loss of supporting bone is known
as peri-implantitis (Berglundh et al., 2018). Both conditions are considered as "biofilm-associated patho-
logical conditions,” and therefore, there is a strong evidence that biofilm is the main etiological factor
for dental implant-related infections (Berglundh et al., 2018). In fact, biofilms have been described as phys-
| “stress” factor triggering inflammatory processes on surrounding tissues (Marsh et al.,
20711). Initial biofilm growth by early colonizers promotes the colonization and growth of more virulent
late colonizers, which increase the overall pathogenicity of the biofilm. This pattern is often associated
with an exacerbated inflammatory response followed by significant peri-implant mucosal damage and
peri-implant bone resorption (Heitz-Mayfield and Lang, 2010; Nguyen et al., 2017).

ical and chemica

Classic animal studies have used biofilm-retaining ligatures to prove cause-effect relation from increased
biofilm accumulation and directly correlated this to worse clinical measures, such as bleeding, greater
probing depth, loss of attachment, and reduced bone density in natural teeth and implanted devices
(Lindhe et al., 1992; Lang et al., 1993; Schou et al., 1993). Interestingly, Schou et al. (1993) also showed
that bone loss around implants was significantly greater than around teeth; the study therefore suggested
that the presence of marginal inflammation around implants may have more serious clinical implications
than does marginal inflammation around teeth with a periodontal ligament. More recently, clinical signs
of disease progression were also linked to microbiological changes and transition to a more pathogenic
biofilm on dental implant surfaces (Shibli et al., 2008; Padial-Molina et al., 2016). Remarkably, a niche spec-
ificity was also shown on dental implant disease sites, in which biofilm composition was different between
supra- and sub-mucosal sites, with Veilonella parvula and certain Streptococcus species being more prev-
alent at supra-mucosal compared with sub-mucosal sites (Shibli et al., 2008). However, in both sites, there
was a significantly higher proportion of putative pathogens and reduced abundance of beneficial species
during peri-implant infection, when compared with healthy sites (Shibli et al., 2008). Despite some differ-
ences, the overall biofilm composition on dental implant surfaces during peri-implant infection still has ma-
jor similarities with that associated with periodontal diseases. In fact, a systematic review showed that there
is insufficient evidence to support specific differences in the microbiota (specific pathogens) between teeth
and implants, either in health or in disease on late biofilm states (Retamal-Valdes et al., 2019). This is corrob-
orated by microbiome studies showing a high level of similarity between the microbial profile of periodon-
titis and peri-implantitis, especially in species that are prevalent in late stages of biofilm formation during
disease (Kumar et al., 2012). Interestingly, a similarity between healthy and diseased sites exists in the
microbiota that is higher for peri-implant than periodontal diseases (Kumar et al., 2012), showing a strong
effect of the implant surface in modulating the microbiome communities formed on its surface in health or
disease. In peri-implant disease microbial communities show a lower diversity, compared with healthy sites,
supporting a true dysbiotic state, in which lower levels of Prevotella and Leptotrichia and higher levels of
Actinomyces, Peptococcus, Campylobacter, nonmutans Streptococcus, Butyrivibrio, and Streptococcus
mutans were reported (Kumar et al., 2012). This is in contrast to periodontal diseases where the bacterial
diversity in inflammation-associated biofilms is higher than health-associated biofilms (Abusleme et al.,
2013).

Moreover, in vivo studies have shown higher total bacteria counts in peri-implantitis biofilms (where not
only the smooth but also the rough treated surface of the implant is colonized by biofilm) compared
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Figure 3. Candida and Streptococcus mixed-biofilms on titanium surface

(A and B) Twenty-four-hour mixed biofilm stained by immuno-FISH of Candida albicans (green) and Streptococcus oralis
(stained in blue on A and B and in red on C) growing on (A) titanium surface and (B) polystyrene surface. Bacterial
extracellular matrix is stained with Alexa Fluor 647-labeled dextran conjugate probe (red) in figure (B). Images suggest
that biofilm growth is modulated by the type of surface.

(C) C. albicans (green) and S. oralis (red) interaction on biofilm growing on the polystyrene surface.

(D) Dual species biofilms growing on the organotypic mucosal construct, which can cause epithelial barrier breach
(H&E stain).

(E) Titanium-mucosal interface biofilm model. Biofilm formed on titanium surface suspended 0.5 to 1 mm above the

in vitro organotypic mucosal construct surface. Reprinted (adapted) from refs (Souza et al., 2020¢, Souza et al., 2020d);
Copyright (2020), with permission from American Society for Microbiology and Springer Nature. Figure E created by
BioRender®.

with healthy sites (where only the smooth supra-mucosal implant surface is colonized by biofilms), with
increased levels of T. forsythia, T. denticola, F. nucleatum, P. intermedia, P. micros, C. rectus, E. corrodens,
Candida albicans, P. nigrescens, C. gracilis, C. ochracea, C. concisus, Streptococcus spp., A. odontolyticus,
V. parvula, and E. faecalis (Canullo et al., 2017). Earlier studies also identified T. forsythia in higher abun-
dance in sub-mucosal biofilm samples of peri-implantitis subjects (Shibli et al., 2008).

Itis interesting to also highlight the increased presence of C. albicans in peri-implantitis biofilms. Although
not frequently evaluated in human peri-implant disease studies, C. albicans can grow on Ti surfaces and has
been clinically isolated from biofilms associated with peri-implant disease (Leonhardt et al., 1999; Schwarz
etal., 2015; Canullo et al., 2017), possibly due to its ability to form robust mixed biofilms with Streptococcus
species. Recently our group showed that C. albicans, an oral fungal opportunistic pathogen, increases tis-
sue damage when growing in biofilms at the titanium-mucosal interface (Souza et al., 2020c). Using an
in vitro titanium-mucosal interface model we showed that mixed biofilms of C. albicans and Streptococcus
species have a mutualistic relationship, promoting bacterial growth and augmenting expression of
Candidavirulence genes (Souza et al., 2020c). Our studies also showed that cross-kingdom interactions be-
tween C. albicans and S. oralis are modulated by different substrates on which the biofilm is growing.
Candida stimulates increased glucosyltransferase R expression, an enzyme responsible for the bacterial
extracellular matrix, on Ti but not on plastic surfaces (Souza et al., 2020d). Similar mutualistic relationships
between C. albicans and Streptococcus species have been described in biofilms growing directly on biotic
(oral mucosa) and abiotic (i.e. plastic, titanium) surfaces (Xu et al., 20144, 2014b; Souza et al., 2020c). These
biofilms trigger an exacerbated inflammatory host response and increased tissue damage but have been
explored mainly in the context of mucosal infection (Xu et al., 2014b; Bertolini et al., 2019). Although
Candida forms biofilms on Ti surfaces (Figure 3), its role on peri-implantitis has not been adequately inves-
tigated. In fact, a complete microbiological profile of peri-implant infections including both bacteria and
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Figure 4. Schematicrepresentation of the “ecological plaque hypothesis” in relation to peri-implant disease, adapted from Marsh et al. (2011) and
Rosier et al. (2018)

Increased biofilm accumulation on implant surface triggers an inflammatory process that changes the environment leading to microbiological shift and
disease progression, as shown by red boxes. Other factors can also favor the microbiological shift on biofilms growing on titanium surfaces, such as
carbohydrate (sucrose exposure). However, some factors can control biofilm accumulation and inflammatory response, shown in blue boxes, such as surgical
and antimicrobial intervention and host-response.

fungi at different stages of disease and their effect on soft and hard tissue damage need further
investigation.

Factors affecting microbial diversity in oral biofilms

A symbiotic relationship may be established between a polymicrobial biofilm and the host as long as bio-
film control methods are routinely applied to maintain low levels of microorganisms on implant surfaces
(Schincaglia et al., 2017). However, when left undisturbed biofilms mature, and this may lead to increased
inflammation and a rise in the crevicular fluid volume, which provides nutrients for further microbial growth
and disruption of host homeostasis (Sultan et al., 2018; Rosier et al., 2018; Naginyte et al., 2019). An adap-
tation from the "“ecological plaque hypothesis” on tooth surfaces may be applied to describe a transition
from a healthy state to a disease state in the peri-implant mucosa and bone structures (Figure 4) (Marsh
et al.,, 2011). According to this model, increased biofilm accumulation, mainly due to lack of adequate
biofilm removal/disruption (oral hygiene procedures), acts as a “stress” factor triggering an inflammatory
process that leads to changes in the local microenvironment, favoring proteolytic and anaerobic gram-
negative bacterial overgrowth (Marsh et al., 2011). This inflammatory response may be limited to the
peri-implant mucosa and is known as mucositis. A long-standing mucositis can contribute to a microbio-
logical shift favoring disease progression to the alveolar bone leading to peri-implantitis. Alternatively,
an anti-inflammatory cytokine feedback loop may control the local inflammatory process and prevent
disease progression (Rosier et al., 2018). Although the transition from a healthy oral microbiome to a dis-
ease-associated microbiome on biomaterials is still not fully understood, some environmental factors that
may contribute to a dysbiosis state in biofilms are carbohydrate exposure, Ti particles and ions released
from the implant biomaterial, and presence and composition of an extracellular matrix (Jenkinson, 2011;
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Figure 5. Schematic representation of the in situ model used to form biofilm on titanium surface using palatal
appliances

Sucrose is used to promote biofilm accumulation and extracellular matrix formation. Transmission electron microscopy
showing biofilms formed in situ on Ti surface and exposed to Ti particles treatment. Red arrows showing Ti particles
agglomerated and precipitated Ti ions on extracellular sites. Reprinted (adapted) from Ref. (Souza et al., 2019a);
Copyright (2020), with permission from John Wiley and Sons.

Bowen et al., 2018; Souza et al., 2019a, 2020e). Thus, even though the initial protein adsorption will mediate
the primary and secondary colonizers during bacterial attachment, biofilm formation and maturation is a
complex process determined not only by the surface properties, the host-response, and environmental
conditions (Cheng et al., 2019).

Sucrose is a unique dietary carbohydrate as it is the only substrate leading to production of streptococcal
glucans that constitute the main extracellular matrix component of dental biofilms (Xiao et al., 2012; Koo
et al., 2013; Souza et al., 2020d) and promote increased biofilm accumulation on dental surfaces (Cca-
huana-Vésquez et al., 2007). Our group recently showed that this carbohydrate can also favor biofilm
growth on Ti surface, as evaluated in situ (Souza et al., 2019a). Moreover, increased biofilm accumulation
and the ensuing microbial succession on Ti surfaces due to sucrose exposure (20%, four times/day) led to a
microbial dysbiotic shift favoring anaerobic putative pathogens by day 7 (Souza et al., 201%a).

In addition to sucrose, recent work showed that Tiions and particles commonly released by implants due to
mechanical and chemical degradation processes (wear debris from the implant-abutment connection,
stripping off from the implant surface while placing, or manipulations during peri-implant surface treat-
ment, ions released from the corrosive environment—acidic pH, microbial accumulation, or chemical
agents) also promote a dysbiotic pathogenic biofilm growth on Ti surface (Figure 5) (Souza et al.,
2020e). Although Ti itself is not bacteriostatic, in vitro studies have shown a biocidal effect of metal and
metal oxide nanoparticles (e.g., zinc oxide, copper oxide, nickel, titanium dioxide) (Yu, 2004; Khan et al.,
2015). Nanoparticles cause direct disruption of bacterial cell membrane integrity, as well as induction of
oxidative stress by free radical formation and possibly lead to protein and DNA damage (Khan et al.,
2015). Because nanoparticle susceptibility and tolerance are species dependent, metal nanoparticles
can alter the bacterial biofilm composition and cause a dysbiotic state that favors overgrowth of certain
species (Souza et al., 2020e). Other factors that change the microenvironment and may affect the microbi-
ological shift are the extracellular biofilm matrix components. Extracellular polymers in biofilm matrix are
responsible for the biofilm three-dimensional architecture (Souza et al., 2020d), generating a highly
concentrated nutrient availability and reduced O, levels (Xiao et al., 2012), which may create a suitable
microenvironment for the growth of strict anaerobic putative pathogens. However, the specific effects of
extracellular polymers for biofilms growing on Ti surface are still unknown and require further investigation.

Topography properties and current strategies to control polymicrobial biofilms on titanium
surfaces

As mentioned earlier, biomaterial surface properties can modify microbial adhesion by selective adsorp-
tion of salivary and/or plasma proteins. Both physical and chemical properties of Ti material affect protein
adsorption profile (Pantaroto et al., 2019; Souza et al., 2020a). Evidence has suggested that negatively
charged surfaces, superhydrophobic and superhydrophilic surfaces, and nm-scale surface characteristics
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can reduce initial microbial adhesion (Song et al., 2015). Thus, among physical-chemical modifications that
have been proposed so far to alter Ti surface properties, the most important are surface-free energy, wetta-
bility, charge, and topography in order to limit microbial adhesion. Roughness has been the most evalu-
ated surface property shown to affect microbial adhesion, and although moderate surface roughness
may favor microbial adhesion due to a higher contact area between the surface and cells, increased adhe-
sion does not occur on nm-scale or highly roughened surfaces (implant surface with Sa—arithmetical mean
height—parameter of more than 2.0 um) (Albrektsson and Wennerberg, 2004; Whitehead et al., 2006; Puck-
ettetal, 2010; Song et al., 2015). Moreover, the distribution of peaks and valleys affect microbial adhesion
directly, because topographic patterns with different shape and size have been shown to inhibit biofilm for-
mation compared with flat surfaces (Song et al., 2015).

Itisimportant to highlight that topographical patterns of titanium surfaces may play distinct roles in the dynamics
of biofilm growth especially for surfaces with a nm-scale pattern (Puckett et al., 2010; Lorenzetti et al., 2015; Cao
etal., 2018). Forexample, Cao et al. (2018) showed that the spear- and pocket-type nanostructures synthesized via
hydrothermal treatment on Ti have shown different antimicrobial potential. The spear-type surface presented lit-
tle space between the spears, and therefore, the bacteria are only able to position themselves at the tips of the
nano-spears. This not only allows a low initial bacterial load but also causes membrane damage and perforations,
leading to cell death. However, this anti-biofilm mechanism is unsustainable because the dead bacteria can cover
the nano-spears, which would otherwise prevent killing of new arrivals, and allow the formation of a thick biofilm
over a period of 6 days. In contrast, the more promising anti-biofilm effect of pocket-type nanostructure is asso-
ciated with an open porous mesh structure of randomly oriented spears that permit bacterial localization inside
the pockets. In this case, bacteria are killed either by direct membrane penetration or by severe membrane defor-
mation. As the biofilm develops over time and the bacterial load increases, more cells accumulate in the inner
voids, resulting in cell death by direct penetration/compression from the spears. As a result, only small clusters
of live bacteria are identified on the rim of the pockets after 6 days. Importantly, when it comes to these two nano-
structures, it seems that wettability properties do not appear to play an important role on anti-biofilm properties.
At a nanoscale, surface topography (diameter of nano-spears and spacing between them) rather than surface
roughness (spear height) may be the dominant factor in bacterial attachment and survival on the implant surface.

However, at micro-scale patterns, highly roughened surfaces (Sa > 2.0 pm) (Albrektsson and Wennerberg,
2004) have increased hydrophobicity, which can reduce initial bacterial adhesion. Interestingly, we showed
that a superhydrophobic coating (Souza et al., 2020b) modified the salivary pellicle composition at the pro-
teomic level, leading to differences in the biofilm bacterial composition as compared with control surfaces.
In fact, a superhydrophobic profile on Ti surfaces was shown to not only reduce bacterial and fungal adhe-
sion and biofilm accumulation but also change the composition of adhered micro-organisms favoring a
more host-compatible or symbiotic profile (Souza et al., 2020b). Thus, we hypothesized that the anti-biofilm
property of the superhydrophobic surface may be related to a direct reduction of microbial adhesion due
to hydrophobicity and also by an indirect effect conferred by the specific protein coating composition.

Based on evidence that surface properties directly affect biofilm formation, modifications by means of sur-
face treatments have been proposed to enhance biological responses. Some treatments, such as sand-
blasted, large grit, and acid-etched (SLA) surface, are commonly available as commercial dental implants
due to enhanced primary stability and optimized osseointegration process when compared with machined
implants (Li et al., 2002). However, the increased surface roughness obtained by this type of treatment also
favors biofilm accumulation if this surface becomes exposed in the oral cavity (Schmidlin et al., 2013). A
promising strategy to control biofilm colonization is the development of surface coatings on Ti (Costa
et al., 2020a). This approach has been developed using different technologies, such as glow discharge,
electrolytic plasma, and photocatalytic materials, all resulting in bioactive surfaces with antibacterial prop-
erties (Ferraris and Spriano, 2016). Several antimicrobials, active molecules, compounds, and ions have
been incorporated on Ti surface as biofilm-targeting approaches in order to reduce microbial attachment
on the surface. Importantly, cell cytotoxicity and short-term efficiency are currently the main limitations of
coatings developed so far for Ti surface (or Ti alloys) (Matos et al., 2017; Chang et al., 2018). Moreover,
newly developed surface treatments or coatings should consider that bactericidal and/or bacteriostatic ef-
fect might not be enough to control biofilms in the long-term since dead cells remaining attached to the
implant surface and can still act as binding sites for microorganism coaggregation, promoting colonization
by live pathogens (Koo et al., 2017).
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After a dysbiotic polymicrobial biofilm forms on implant surfaces leading to peri-implantitis, there is no
consensus regarding the effective treatment for these infections (Heitz-Mayfield and Mombelli, 2014).
Non-surgical and surgical therapies have been proposed to control or attempt to eradicate biofilm accu-
mulated on implant surfaces to restore a state of peri-implant health (Heitz-Mayfield and Mombelli, 2014).
Adjunct treatments using antimicrobial agents have been proposed in combination with mechanical
debridement (Figuero et al., 2014). In fact, some locally delivered antimicrobial agents (such as citric
acid, povidone iodine, chlorhexidine) have shown to be very effective on reducing viable bacteria on
contaminated Ti surfaces by in vitro and in situ studies (Souza et al., 2018, 2019b).

Locally or systemically administered antibiotics have also been used as an adjunctive approach to mechan-
ical therapy for peri-implant infections (Van Winkelhoff, 2012). Because they have shown only a moderate
efficacy in the treatment of peri-implant infections, there is still no consensus regarding their application.
Interestingly, the effect of systemic antibiotics in the treatment of severe cases of peri-implantitis may be
enhanced by previous surface decontamination procedure, as shown by a clinical trial indicating that an
improved outcome was found when systemic amoxicillin was used after the implant surface was debrided
with the use of adjunct locally applied chlorhexidine agent (Carcuac et al., 2016). Other antibiotics such as
doxycycline (Mercado et al., 2018) and minocycline (Renvert et al., 2006) have also showed a promising ef-
fect on implant-related infections. Interestingly, a clinical trial showed that the combination of amoxicillin
and metronidazole, which is commonly used to treat periodontitis (Feres et al., 2015), did not show a sig-
nificant effect in peri-implantitis management as adjunct with local mechanical debridement (Shibli et al.,
2019). This result may be explained by a limited diffusion of antibiotics in biofilms forming within Ti surface
irregularities and underscores the potential importance of surface topography. This supports the idea that
slow release of drug-delivery surface coating methods may be more appropriate than systemic antibiotics
in the treatment or prevention of peri-implantitis these infections.

Moreover, it is important to highlight that the anti-microbial effect of newly developed treatments should
be evaluated mainly by in vivo models, because mucositis and peri-implantitis are chronic diseases and the
host response can affect the growth and susceptibility of these biofilms, as well as the rate of drug delivery
by surface coatings. Therefore, studies that evaluate only initial steps of microbial adhesion or initial biofilm
formation may not show sustainable long-term results, which is an important aspect to consider in the
chronic pathogenesis process in vivo. Although most treatments/coatings have been tested using mainly
single-species biofilms, which may be useful for initial screening purposes, proper evaluations should take
into account the diversity of the oral microbiome. In this regard, microcosm models using saliva or dental
biofilm organisms as initial microbial inoculum or in situ models in the oral environment (Souza et al., 2018,
2019a) are more appropriate pre-clinical models. In addition, based on our current knowledge regarding
the diversity and composition of health- and disease-associated biofilms, quantitative data regarding total
bacterial loads are not sufficient to fully understand the effects of antimicrobials. The composition of
biofilms in response to antimicrobials should also be evaluated using high-throughput methods such as
DNA-DNA checkboard hybridization and metagenomics.

Emerging evidence for drug delivery coatings as a biofilm control strategy

More recently, controlled drug delivery systems have been proposed as coatings onto Ti surfaces (Fenton
et al., 2018). These systems have certain advantages, such as controlled rate of release and the potential to
use target-specific agents as surface coatings. However, antimicrobial surface coatings need to be devel-
oped considering characteristics such as (1) maintaining or enhancing the chemical, physical, and mechan-
ical properties of the material; (2) non-cytotoxic effect to host tissues; (3) predictable long-term drug
release; and (4) incorporation of proper drugs as target agents (Fenton et al., 2018). In this sense, dental
implants covered by antimicrobial agents may act as a monolithic system, because the drug release is ex-
pected to be homogeneous over the entire surface (Pokrowiecki, 2018). This system must also provide an
effective and stable drug concentration to avoid bacterial resistance on the peri-implant site (Pokrowiecki,
2018). However, because dental implants are expected to be functional for decades, the drug release
coating needs to allow recharge/re-deposition when needed, or it may act only during initial healing pro-
cess and initial biofilm formation. Although some drug delivery agents such as polylactide acid (PDLA) in-
crease the release of drugs, the short-term release and inability to be reloaded are still the biggest limita-
tions of this coating approach (Pokrowiecki, 2018).
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Figure 6. Diagram of the source and selection procedures, according to the PRISMA guidelines

A local drug delivery system composed of minocycline microspheres has shown some promising clinical
results in treating peri-implant infections (Renvert et al., 2006), which has also been used in teeth with peri-
odontal disease for more than two decades (Williams et al., 2001). However, more recent engineering ap-
proaches have provided modified materials for surface coating loaded with antibiotics as a new generation
of biomaterials to control biofilm accumulation and, consequently, implant-related infections (Koo et al.,
2017). The incorporation of antibiotics within a surface coating has been widely applied for Ti materials
in the recent years (Nie et al., 2016; Zhang et al., 2019; Thompson et al., 2019). Although these coatings
continue to be evaluated, their application in vivo has been challenging, due to short-term release charac-
teristics, and possibly reduced release due to the protein layer adsorbed over the antibiotic coating, as well
as cytotoxicity (Koo et al., 2017). Moreover, these treatments should consider surface topography proper-
ties to achieve an appropriate antimicrobial activity. In fact, currently there are no commercially available
dental implants made of Ti loaded with antibiotics for clinical use. To the best of our knowledge there is no
consensus regarding the optimal antibiotic and coating technique used on Ti material to achieve a reduced
microbial load with the potential to control implant-related infections. In the following section we conduct
a systematic review on this topic, which supports this conclusion.

RESULTS

Study selection

A diagram of the source and selection procedures, according to the PRISMA guidelines, is shown in Fig-
ure 6. The initial search identified a total of 1,518 references, including 325 in PubMed, 522 in Scopus,
413 in Web of Science, 229 in Embase, 29 in Cochrane, and 0 in Gray Literature. Of this total, 717 duplicates
were removed, with 801 studies remaining. Title and abstract screening resulted in exclusion of 735 records

10 iScience 24, 102008, January 22, 2021

iScience



iScience

according to the eligibility criteria. The agreement between the two reviewers regarding the titles and ab-
stracts selection was k = 0.73. Consequently, 66 studies were selected for full-text reading. From that, 33
articles were excluded: two full text were not available (even after three attempts of contact with authors),
six were excluded for other reasons (abstract, conference paper, and in vitro model) and 23 did not meet
the eligibility criteria. Out of these 23 studies, 18 did not evaluate microbial colonization quantitatively on
implant surface, four only evaluated microbial load in bone tissue surrounding the implant, two did not use
Ti-based implants, and one human study was excluded due to the absence of a control group (references
on Supplemental information). At this stage, the agreement between the two reviewers was k = 0.87. A total
of 33 records were included in the qualitative synthesis, and the main reason for each article exclusion was
detailed in Supplemental information (Table S2, related to Figure 6). Importantly, based on our inclusion
criteria no study with humans was included, with all studies using animal models.

Study characteristics

The implant and animal characteristics of the included studies are detailed in Table 1. All included articles
were published between 2003 (Lucke et al., 2003) and 2020 (Aufién et al., 2020; Zeng et al., 2020), in twenty-
four different countries. Among the implant materials, pure Ti, and titanium-aluminum-vanadium (Ti-Al-V),
and titanium-aluminum-niobium (TiAINb) alloys were used, and different surface treatments were evalu-
ated. Anodized nanotubes and organic and biodegradable coatings were the most investigated surface
treatments in association with the antibiotics. With regard to the antibiotic used, gentamicin (n = 11)
and vancomycin (n = 11) were the most commonly tested, alone or combined, followed by rifampicin
(n = 3), tobramycin (n = 2), doxycycline (n = 2), fosfomycin (n = 1), clindamycin (n = 1), teicoplanin (n = 1),
ciprofloxacin (n = 1), minocycline (n = 1), enoxacin (n = 1), bacitracin (n = 1), and daptomycin (n = 1), as
shown in Figure 7. Different technologies of deposition such as sol-gel, covalent immobilization, spraying,
electrophoretic, polyelectrolyte, and dip coating were applied for antibiotic loading on the Ti surface. All
retrieved papers adopted the in vivo design using different animal models (rats: n = 15, rabbits: n = 13,
mice: n = 5). Implants were commonly located in tibia or femur. With regard to the infection model, Staph-
ylococcus aureus was the most used (31 studies) with a wide range in bacterial inoculum size (102-109 CFU).
P. aeruginosa (Badar et al., 2015) and C. albicans associated with S. aureus (Kucharikova et al., 2016) were
also used as microbial inoculum. In addition, the effects of antibiotic-loaded coatings were evaluated in a
broad range of follow-ups, varying from 4 h up to 1 month after implant inoculation at different time points.
The long-term effect of antibiotic-loaded coatings was analyzed based on the longest follow-up time in
each study.

Antibiotic-loaded coatings reduced microbial load on Ti-implants

The microbiological assessments of the included studies are detailed in Table 2. Among the quantitative
tests for biofilm analysis, the viability of bacterial cells is reported by colony count units (CFU) after implant
sonication and agar plating or rolling out the contaminated implant directly on agar plates. Overall, quan-
titative results on bacterial loads showed greater bacterial implant surface contamination in the control
groups (i.e. machined surface or coating without antibiotic). In this systematic review we used the bacterial
load (control and test groups) to calculate the percentage of biofilm reduction on antibiotic-loaded sur-
faces in each study. In addition, the long-term effect of biofilm reduction of antibiotic-loaded coatings
was analyzed taking into account the longest follow-up time for each study. Based on this we found a highly
variable % of biofilm reduction in different studies, ranging from 0% to >90% reduction (Figure 8). For
gentamicin-loaded coatings, the reduction showed a variation of ~5% (Moskowitz et al., 2010) up to
~99.9% (Thompson et al., 2019), whereas for vancomycin-loaded coatings minimum and maximum values
were ~45.3% (Kucharikova et al., 2016) and ~99.2% (Stavrakis et al., 2019), respectively. In contrast, three
studies showed higher bacterial load on the test group as well as the absence of reduction with vancomycin
(Ghimire et al., 2019), doxycycline (Metsemakers et al., 2015), or gentamicin (Neut et al., 2015) coatings. In
addition, the infection rates (presence of contaminated implants) also were commonly smaller in test
groups in terms of bacterial counts on agar plates when compared with control groups (Table 2). However,
a long-term antibiotic release is not expected, because several studies showed more than 50% of released
drugs taking place within hours or days (Lucke et al., 2005; Darouiche et al., 2007; Neut et al., 2015; Yuan
et al., 2018; Thompson et al., 2019) (Table 2), with some treatments even showing more than 95% of the
deposited drug released within short time periods (Neut et al., 2015; Ghimire et al., 2019; Thompson
et al., 2019).
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Table 1. Summary of included studies

Implant Animal
Surface Deposition Surgical
Author Material treatment Antibiotics  technology Type N* site Infection model Follow-up
Adams Ti6Al4V  Anodized Vancomycin  Sol-gel Rat 11 F S. aureus 1,2, 3, 4w
et al. (2009) (NR strain origin)
Alt Ti6Al4V  Machined Rifampicin +  Ink-jet Rab 22 T S. aureus 4w
etal. (2014) Fosfomycin (11 MSSA+ (MSSA EDCC5055)
11 MRSA) (MRSA T6625930)
Antoci Ti6Al4V  Machined Vancomycin  Covalently link Rat 9 F S. aureus 1,2, 3w
et al. (2007) (ATCC 25923)
Aufion Ti6Al4V  TiO; nanotubes Gentamicin + Drug adsorption  Rab 20 F S. aureus 4w
et al. (2020) Vancomycin (Human Sa5)
Aykut cpTi Si-sandblasted  Clindamycin  Spraying Rab 30 T S. aureus Tw
et al. (2010) or Teicoplanin (ATCC 29123)
Badar Ti6Al4V  Porous Ciprofloxacin  Layered double Mic 12 S P. aeruginosa 4h
et al. (2015) hydroxides (PAO1T CTX::lux)
suspension
Croes cpTi Porous Vancomycin  Electrophoretic Rat 18 T S. aureus 4w
et al. (2018) Porous + CS deposition (ATCC 49230)
Darouiche Ti6Al4V  Si-sandblasted ~ Minocycline + Spraying Rab 25 F S. aureus w
et al. (2007) Rifampin (P1 - variation
of ATCC 25923)
Diefenbeck Ti6Al4V  Plasmachemical Gentamicin  Immobilization Rat 15 T S. aureus 4w
et al. (2016) oxidation (TA or SDS) (ATCC 49230)
Ghimire Ti6Al4V  Dopamine Vancomycin ~ Covalently bond  Mic 22 F S. aureus 3w
et al. (2019) methacrylate + (Xen 29)
PEGDMA-Oligo
HYD
Grohmann cpTi Sandblasted and Gentamicin  Polyelectrolyte Rat 30 T S. aureus 4w
etal. (2019) etched adsorption (PEM + (ATCC 49230)
+ PGA/HEP)
Janson cpTi Anodization +  Tobramycin ~ Soaking method Rab 5 F S. aureus 9d
etal. (2019) alkaly (ATCC 6538)
treatment + HA
Jennings cpTi Machined Vancomycin ~ Manual Rab 9 R S. aureus w
et al. (2016) application (PH) (UAMS-1 strain)
Kalicke cpTi PLLA Rifampicin +  Solvent-casting Rab 36 T S. aureus 4w
et al. (2006) Fusidic acid (V 8189-94)
Kucharikova cpTi Beadblasted Vancomycin  Covalent Mic  NR S S. aureus 2d (fungal)
et al. (2016) and etched immobilization (SH1000) 4d (bacterial)
C. albicans
(SC5314)
Liu cpTi Machined and ~ Gentamicin ~ Soaking method ~ Rab 36 T S. aureus 6w
et al. (2017) nanotubular (ATCC 25923)
anodized surface
Lucke cpTi PDLLA Gentamicin ~ NR Rat 30 T S. aureus bw
et al. (2003) (ATCC 49230)
Lucke cpTi Machined or Gentamicin ~ PDLLA Rat 30 T S. aureus bw
et al. (2005) PDLLA suspension (ATCC 49230)
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Table 1. Continued

Implant Animal
Surface Deposition Surgical
Author Material treatment Antibiotics  technology Type N* site Infection model Follow-up
Ma cpTi Machined Gentamicin Vacuum drying Rat 18 S S. aureus 1d, 3d, 1w
et al. (2017) + NIR light process onto (NR strain origin)
PEG-MoS,
coating + CS
Metsemakers cpTi Anodized + Doxycycline  Spraying Rab 28 H S. aureus MSSA 4w
et al. (2015) PLEX (12 MSSA + (JAR60131)
16 MRSA) S. aureus MRSA
(LUH15101)
Moskowitz et al. (2010) cpTi Layer-by-layer ~ Gentamicin  Polyelectrolyte Rab 27 F S. aureus 4d, 1w
deposition (ATCC 49230)
Neut Ti6Al4V  Al-blasted + HA  Gentamicin ~ Spraying + Rab 14 F S. aureus 2d, 1w
et al. (2015) PLGA (ATCC 25923)
Nie Ti6Al4V  Machined Enoxacin Covalent Rat 24 F S. aureus 3w
et al. (2016) immobilization (ATCC 43300)
Nie Ti6Al4V  Machined Bacitracin Immobilization Rat 10 F S. aureus 3w
et al. (2017) (ATCC 25923)
Song cpTi Nanofiber Doxycycline  Coaxial Rat 48 T S. aureus 4,8, 16w
et al. (2017) electrospinning (ATCC 49230)
Stavrakis cpTi PEG-PPS Vancomycin  Encapsulation Mic 18 F S. aureus bw
et al. (2019) or Tigecycline in PEG-PPS (Xen36)
solution
Thompson TiAINb  Ca-P Gentamicin ~ Dip coating Rat 18 T S. aureus w
et al. (2019) (JAR060131)
Yang cpTi Nanotubes Gentamicin  Lyophilization +  Rat 9 F S. aureus 6w
et al. (2016) Vacuum-drying (ATCC 25923)
Yuan cpTi Machined Vancomycin  Soaking method ~Rat 6 F S. aureus 4w
et al. (2018) on nanotubes (ATCC 25923)
coating + catechol
functionalization
Zeng cpTi Machined Daptomycin  Immobilization Rat  NR T S. aureus 2w
et al. (2020) +NIR light with IR820 dye (ATCC 25923)
on PDA
nanocoating
Zhang Ti6Al4V  Plasma-sprayed Vancomycin  Impregnated on  Rab 20 T S. aureus MRSA bw
et al. (2018) the plasma- (ATCC 43300)
sprayed coating
Zhang Ti6Al4V  Machined Vancomycin  Covalently bond  Mic 14 F S. aureus (Xen29) 3w
etal. (2019)
Zhou Ti6Al4V  PDLLA Tobramycin  Impregnatedon  Rab 12 T S. aureus 8w
et al. (2017) PDLLA coating (ATCC 25923)

Implants and animals data from included experimental studies (author, year; implant: material, surface treatment, antibiotics, deposition technology of the anti-
biotic; animal: type, sample number, surgical site, infection model; follow-up).

Notes: Implant surface treatment (TiO,, titanium dioxide; Si,Silica; CS, chitosan; PEGDMA, polyethylene glycol dimethacrylate; Oligo, oligonucleotide; HYD, hy-
drogel; HA, hydroxyapatite; PLLA, poly-L-Lactide; PDLLA, poly(D,L-lactide); NIR, near-infrared light; PLEX, polymer-lipid encapsulation matrix; Al, aluminum;
PEG, poly(ethylene glycol); PPS, poly(propylene sulfide); Ca-P, calcium and phosphorus). Deposition technology (TA, tannic acid; SDS, sodium dodecyl sulfate;
PEM, polyelectrolyte multilayer; PL, polycation; PGA, polyanion; HEP, heparin; PH, phosphatidylcholine; NR, not reported; PDLLA, poly(D,L-lactide); PEG, poly-

ethylene glycol; MoS2, molybdenum disulfide; CS, chitosan; PLGA, poly(lactic-co-glycolic acid); PPS, poly(propylene sulfide); PDA, polydopamine); Animals (Rat,
rats; Mic, mices; Rab, rabbits), Sample number (N) (MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus; NR,

not reported), Surgical site (T, tibia; F, femur; S, subcutaneous; H, humerus; R, radius), Follow-up (h, hour; d, day; w, week). *Sample number reported is the total
number of infected animals used for microbiological assessments of non-loaded and antibiotic-loaded surfaces.
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Figure 7. Word clouds of the antibiotics used on titanium coating in the studies included
The font size represents the frequency of antibiotics used in which bigger words mean more frequent antibiotics
used.

DISCUSSION

Biofilms provide several advantages to colonizing species such as protection against host defense
mechanisms, enhanced microbial co-aggregation, and reduced antimicrobial susceptibility (Costerton
et al.,, 1995; Flemming and Wingender, 2010). These properties enhance microbial accumulation and
maturation, which can trigger peri-implant infections. There is currently no consensus regarding the
best therapeutic approach to treat dysbiotic biofilms and allow re-establishment of a health-associated
microbiome. Newly developed strategies have been focused mainly on surface properties dedicated to
non-fouling abilities and incorporation of antibiotics/antimicrobials on the surface as a long-term drug
delivery method (Figure 9). Although this seems a promising strategy, no human clinical data are avail-
able regarding the efficacy of antibiotic-loaded implants in reducing microbial loads, as shown by our
systematic review.

Although several studies included in this systematic review showed that the biofilms forming on antibiotic-
loaded implants were considerably reduced (up to >90% biofilm reduction), a large discrepancy was found
among studies testing the same antibiotic (Badar et al., 2015). This discrepancy can be ascribed to differ-
ences in study design and variable sample sizes that were not supported by power calculations. Badar et al.
(2015) was the only study to perform implant placement before infecting the animals and to evaluate the
antibacterial efficacy by measuring bacterial luminescence only 4 h after infection with P. aeruginosa.
Moreover, the follow-up periods that studies reported were variable, and this may affect outcomes due
to variable drug release kinetics.

In studies using the same antibiotic (gentamicin) and same bacterial species for inoculation (S. aureus), one
methodology that provided lower values of biofilm reduction was when implants were rolled out on agar
plates to quantitatively assess biofilm growth. Although this method is suitable to assess presence or
absence of bacteria on the implant surface, it may not be sensitive enough to detect quantitative differ-
ences in bacterial loads (Lucke et al., 2003; Moskowitz et al., 2010; Liu et al., 2017; Grohmann et al.,
2019). Studies that used a biofilm sonication step prior to plating, instead of the roll over agar method,
were able to show a much greater biofilm reduction with antibiotic coating (Yang et al., 2016; Thompson
et al., 2019). Sonication is a well-known technique to dislodge biofilms from the substrate and has been
validated for the diagnosis of orthopedic implant prosthetic joint infections (Oliva et al., 2016). However,
it is important to emphasize that different Ti surface treatments and antibiotic concentrations could also
have influenced these differences in results.

In terms of the infection model, the choice of the appropriate microorganism is one of the most essential

steps when evaluating biomaterials in implant-biofilm-related infections. With the exception of one study
(Badar et al., 2015), the only experimental pathogen in the studies included in this review was S. aureus.
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Table 2. Summary of microbiological data from included experimental studies (author, year; in vitro: drug concentration in the surface, drug release (related immersion period);
microbiological assessments: quantitative test, mean and median of bacterial load (standard deviance); % reduction by authors calculated; infection rate; statistical significance)

In vitro Microbiological assessments
Drug Bacterial load
concentration Drug release Quantitative
Author in the surface (immersion period)  test Control Experimental % Reduction Infection rate p value
Adams 23.5ug 70% (6 d) CFU/implant + Tw: 11,230.67 Tw: 3.00 (£1.27) 2w: ~75.8% NR NR
et al. (2009) Rolled out on (£299.5) 1.57 (£0.57) 3w:
agar plates test  2w: 2,186.33 12,989.0 (£822.07) 4w:
(Infection rate)  (204.2) 4,531.5 (+221.2)
3w: 17,7891.0
(+27,220.1)
4w: 18,765.0
(+4,493.75)
Alt et al. 307 pg rifampicin NR Rolled out on NR NR NR C: 100% (5/5) 0.015
(2014) and 1,522 ug agar plates test T:16.7% (1/6)
fosfomycin
Antoci NR NR CFU/implant Tw:1,43,814.43 Tw: 10,458.17 ~58.9% NR 0.046
et al. (2007) (£10,051.54) (+£1,494.02) (1-w follow-up)
2w: 87,951.81 2w: 25,903.61
(+7,831.33) (+1,807.23)
3w: 22,6315.79 3w: 1,33,333.33
(+11,403.51) (£14,912.28)
Aufion 1.45 mg of 56% gentamicin CFU/cm? 1.52 (+1.5) 0.15(+0.47) ~90.1% NR 0.0074
etal. (2020)  gentamicin and 10.66% (Log1o)
and 1.4 mg of vancomycin (240 min)
vancomycin
Aykut NR NR Positive or NR NR NR C: 100% (10/10) <.001 (C versus
et al. (2010) negative culture TEI: 0% (0/10) TEI, and
CLIN: 10% (1/10) C versus CLIN)
Badar 1.2 mg/o:m2 NP Bioluminescence 1w: 100.56 Tw: 26.47 (+4.67) ~4.8% NR NR
et al. (2015) intensity (+28.4) 2w: 68.45 (+28.03)
2w: 99.40 3w: 276.19 (£47.43)
(£37.64)
3w: 289.88
(+21.30)
Croes NR NR CFU/implant Uncoated: 5.63 (NR) ~4.4% C: 40% (2/5) 0.035 (CS
et al. (2018) (Log1o) 5.01 (NR) (no difference) CS control: 100% control versus
CS control: (8/8) T: 40% (2/5) T for infection
5.87 (NR) rate)

(Continued on next page)
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Table 2. Continued

SS300V N3dO

In vitro Microbiological assessments
Drug Bacterial load
concentration Drug release Quantitative
Author in the surface (immersion period) test Control Experimental % Reduction Infection rate p value
Darouiche 35 ug/cm2 94% minocycline and Positive or NR NR NR C: 100% (12/12) 0.0016
etal. (2007)  (noncovalently 95% rifampin (6 h) negative culture T: 38.46% (5/13)
bound)
Diefenbeck  0.59 mg of G-SDS 54.2 pg and 424.9 ng  Positive or NR NR NR C: 100% (10/10) NR
etal. (2016) and 1.11 mg of G-TA G from G-SDS and negative culture G-SDS: 0% (0/10)
G-TA, respectively. G-TA: 10% (1/10)
(24 h)
Ghimire 90 ug/mm3 hydrogel ~100% (24 h) CFU/implant 3w: 520.0 (+40.0) 3w: 0 100% NR <.01
et al. (2019)
Grohmann (PL-PGA)-20G = 0.32 (PL-PGA)-20G = CFU/implant 19.17* (PL-PGA)-20G = 3.33* (PL-PGA)-20G = NR NR (No
etal (2019)  (PL-PGA)-30G =0.45 5.52 ug/cm2 (PL-PGA)-  (1/mm?) (PL-PGA)-30G = 12.50* ~83.1% (PL-PGA)- difference)
(PL-HEP)-20G = 0.15 30G = 18.62 ug/cm2 (rolled over agar) (PL-HEP)-20G = 19.17* 30G = ~34.8%
(PL-HEP)-30G = 0.51 (PL-HEP)-20G = (PL-HEP)-30G = 3.33* (PL-HEP)-20G =
Data presented as 46.89 ug/cm2 (PL-HEP)- ~0% (PL-HEP)-
referenced loads 30G = 86.21 pg/cm? 30G = ~82.7%
(14 d)
Janson NR 758 ug (15 min) CFU/implant (BC-10%:3.43 (BC-10%: 0.48x10° (BC-10%: ~85.9%  C (BC-10%: 100% (3/3) NR
etal. (2019) (£2)x10° (BC-10%: 0 (BC-10%): 100% C (BC-10%: 100% (2/2) T
(BC-10: 2.85 (BC-10%: 33% (1/3)
(+£1.4)x10° T (BC-10°): 0% (0/2)
Jennings 25% NR CFU/implant 600,000 (NR) 20 (£21) ~99.9% NR <.001
et al. (2016)
Kélicke 3% Rifampicin and ~80% (42 d) Harvesting NR NR NR C: 83% (10/12) 0.033 (controls
etal (2006) 7% fusidic acid PLLA-C: 83%(10/12) versus test)
T:17% (2/12)
Kucharikova 35 pmol/cm2 NR CFU/implant S. aureus: 5.37 S. aureus: 2.92 (+0.25) S. aureus: ~45.6% NR <.05 (S. aureus)
et al. (2016) (Log1o) (+0.41) C. albicans: 3.00 (+0.24) C. albicans: ~32.9% NR (C. albicans)
C. albicans: 4.47
(£0.15)
Liu et al. NR NR Rolled out on Ti-C: >1000 CFU Ti-G: 473.75 (£ 10.69) Ti-G: ~52.6% C: 100% (4/4) <.05
(2017) agar plates test  NTATi-C: >1000 CFU  NTATI-G: 40.5 (+12.36) NTATI-G: ~95.9% NTATI-C: 100% (4/4)

Ti-G: 100% (4/4)
NTATI-G: 100% (4/4)

(Continued on next page)
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Table 2. Continued

In vitro Microbiological assessments
Drug Bacterial load
concentration Drug release Quantitative
Author in the surface (immersion period) test Control Experimental % Reduction Infection rate p value
Lucke 10% NR Rolled out on Ti-C: >1,000 CFU 182 (£101) ~81.8% Ti-C: 100% (10/10) <.05
et al. (2003) agar plates test  PDLLA-C: >1,000 CFU PDLLA-C: 100% (10/10)
T:70% (7/10)
Lucke 10% 60% (24 h) Rolled out on Ti-C: >1,000 CFU NR (range 7-136 colonies) NR Ti-C: 100% (10/10) NR
et al. (2005) agar plates test  PDLLA-C: >1,000 CFU PDLLA-C: 100%
(10/10) T: 10% (1/10)
Ma et al. NR - NIR: 2.8 mg/mL Antibacterial 1d = Ti + NIR: 1d =T + NIR: 99.15% NR NR <.001 (1d and
(2017) + NIR: 6.5 mg/mL ratio (%) 0.92% (+7.32) (£1.83)3d-T + NIR: 3d for + NIR; 1d
(25 min) 3d-Ti+ NIR: 99.67% (+0.91) 1w — for —NIR); <.01
82.42% (+2.75) T + NIR: 99.97% (+0.91) (7d for -NIR);
Tw —Ti + NIR: 1d - T - NIR: 60.75% <.05(1Tw + NIR;
88.22% (+4.58) (£4.91)3d-T-NIR: 3d for -NIR)
1d - Ti- NIR: 88.59% (+2.45) 1w —
0% (+6.14) T - NIR: 99.42% (+1.23)
3d-Ti-NIR:
70% (+4.91)
1w —Ti— NIR:
81.05% (+3.68)
Metsemakers 3.4 mg ~95% (4 w) CFU/implant MSSA: 5.10* MSSA: 0* At least 3-log MSSA - C: 80% (4/5) <.05
et al. (2015) (Log1o) MRSA: 4.89* MRSA: O* lower median MSSA - T: 0% (0/6) (infection rate)
numbers of MRSA - C: 100% (8/8)
CFUs (no MRSA - T: 43% (3/7)
significant
difference)
Moskowitz 550 ug/cm2 ~100% (5.5 w) Rolled out on 4d: >200 CFU 4d: <22 CFU 1w: 4d: ~89.0% 4d - C: 83% (5/6) NR
et al. (2010) agar plates test  Tw: >200 CFU <190 CFU 1w: ~5.0% 4d - T: 0% (0/6) 7d -
C:71% (5/7) 7d -
T: 0% (0/8)
Neut et al. 1 mg/cm2 ~100% (168 h) CFU/implant 2d: 4.82 (+1.32) 2d: 0 1w: 0 100% C: 100% (7/7) 0.001
(2015) (Logro) Tw: 3.60 (£2.64) T: 0% (0/7)
Nie et al. NR “the covalent CFU/implant 6.20 (£0.18) 4.56 (+0.16) ~26.5% NR <.05
(2016) modification of the (Log1o)

Ti surfaces does
not allow the release
of any antibiotic”

(Continued on next page)
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Table 2. Continued

In vitro

Microbiological assessments

Drug
concentration

Drug release

Bacterial load

Quantitative

SS300V N3dO

Author in the surface (immersion period) test Control Experimental % Reduction Infection rate p value
Nie et al. NR NR CFU/implant 4.67 (+2.34)x10° 3.3(1.67)x10° ~99.3% NR <.05
(2017) (Logio)
Song NR NR Washout of 4w: 0.17 (£0.24) 4w: 0.04 (£0.02) ~54.7% 8w - C: 100% (5/5) 8w - <.005
et al. (2017) implants 8w: 0.29 (+0.30) 8w: 0.04 (+£0.01) T: 0% (0/5) 16w -
(O.D. values) 16w: 0.64 (+0.06) 16w: 0.29 (£0.29) C: 100% (5/5) 16w -
T: 40% (2/5)
Stavrakis NR ~23ug vancomycin CFU/implant 2.8 (+1.5)x10? Vanco: 2 (+2) Tig: 1.8 Vanco: ~99.3% NR NR
et al. (2019) (1 w) (Log1o) (+1.8)x10" Tig: ~93.6%
Thompson 311.32 pg/mL >95% (15 min) CFU/implant 1.76x10° (NR) 6.43 x10" (NR) ~99.9% C: 100% (9/9) <.01
etal. (2019) (Log1o) T: 12.5% (1/8)
Yang NR 91.45 pg (57 h) CFU/implant Ti-C: 6.7%10° 1.57x10* (£2.08x10%)  NT: ~97.7% NR <.01
etal. (2016) (+7.55%10% T: ~96.6%
NT-C: 4.6x10°
(+£6.24x10%
Yuan NR 81.7% (24 h in the CFU/implant 3.43(£0.12) 0.90 (+0.43) ~73.8% NR <.01
et al. (2018) presence of (Log1o)
S. aureus)
Zeng 634.6 ng 408.3 pg (14 d) CFU/implant Ti-C - NIR: 192.5 T-NIR: 82.5 (£10.0) NIR™: ~57.1% NR <.01 (Ti-C
et al. (2020) (£12.5) T + NIR: 5.00 (+2.5) NIR*: ~97.3% versus T)
Ti-C + NIR: 182.5 <.05 (T - NIR
(+22.5) versus T + NIR)
Zhang NR NR CFU/implant 8.42 (+0.68)x10° 4.04 (+0.89)x10* ~95.2% NR <.05
et al. (2018)
Zhang NR NR CFU/implant 1,478.26 (£521.74) 65.22 (+65.21) ~95.6% NR <.05
et al. (2019)
Zhou 25% (4 mg) 26.03 ng/mL (released  CFU/implant >10% <10° ~90.0% C: 100% (6/6) <.05 (infection
et al. (2017) in the blood after 2 h T:16.7% (1/6) rate)

implant installation)

Notes: In vitro (NR, not reported; NP, not possible to extract data from the graph; G, gentamicin; SDS, sodium dodecyl sulfate; TA, tannic acid; PL, polycation; PGA, polyanion; HEP, heparin; d, days; min,
minutes; h, hours; w, weeks); Quantitative test (CFU, colony forming unit; O.D., optical density); Microbiological assessments (NR, not reported; d, day; w, week; CS, chitosan; * = median; PL, polycation; PGA,
polyanion; HEP, heparin; G, gentamicin; BC, bacterial concentration; CFU, colony forming unit; Ti, titanium; C, control group; NTA, nanotubular anodized surface; PDLLA, poly(D,L-lactide); +NIR, with near-

infrared light; —NIR, without near-infrared light; T, test group; MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-sensitive Staphylococcus aureus; Vanco, vancomycin; Tig, tigecycline; NT,
nanotubes); Infection ratio (NR, not reported; C, control group; T, test group; TEl,teicoplanin; CLIN, clindamycin; CS, chitosan; G, gentamicin; SDS, sodium dodecyl sulfate; TA, tannic acid; BC, bacterial con-
centration; PLLA, poly-L-lactide; Ti, titanium; C, control group; NTA, nanotubular anodized surface; PDLLA, poly(D,L-lactide); MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin.
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Figure 8. Percentage of reduction in the bacterial load on different antibiotic-loaded coatings on titanium surface
in relation to control groups according to the study results included in this systematic review

Circles represent each study included in the review in which it was possible to calculate bacterial load reduction and to
compare studies using the same antibiotic coating.

Although S. aureus is highly associated with postoperative infection in orthopedic implants (Oliveira et al.,
2018), these results should be interpreted with caution since the presence of other microorganisms in the
peri-implant microbiome was not evaluated. In addition, implants were commonly installed in tibia or fe-
mur sites, which do not widely represent the environmental conditions and healing of the oral cavity.
Thus, the use of a polymicrobial infection model developed in the oral environment could provide more
clinically relevant information regarding the effect of antibiotic-loaded coatings in reducing the microbial
load. Surprisingly, biofilm-retaining ligature models to study oral multi-species biofilm accumulation on
dental implant surfaces loaded with antibiotics are non-existent.

Early microbial colonization may occur during the surgical procedure of implant placement, often associ-
ated withimmediate pathogen attachment on the implant surface through the surgical site (Hickok and Sha-
piro, 2012). Therefore, biofilm formation could start during the early stages of post-operative healing and
may compromise the osseointegration process (Franz et al., 2011). Thus, drug delivery systems via surface
coating may act as effective prevention methods to control microbial accumulation at the time of implant
placement (Hickok and Shapiro, 2012). From the studies reporting the quantification of antibiotic release
included in our systematic review, approximately 95% of the deposited drug was released within hours or
days. Such early, rapid release would allow biofilm prevention in the immediate postoperative window
but would not address the chronic peri-implant infection (Salvi et al., 2017; Berglundh et al., 2018), unless
the antibiotic coating allows slower drug release so that its effect lasts for a longer period of time. The liter-
ature has pointed out that the use of layer by layer assembly might be the most advantageous and intelligent
releasing system for long-term release, as the drug is entrapped between layers and is sustained eluted
through film-erosion and/or diffusion (Smith et al., 2009; Perni et al., 2020). Further advantage of this system
is that the layer can be programmed to degrade under acidic conditions (e.g. infection with aciduric spe-
cies), such that the drug is available only when necessary. Ultimately, the efficacy of an antibiotic releasing
system combined with surface topographic modification approaches (e.g. pocket-type nanostructure Tisur-
faces) (Cao et al., 2018) deserves further investigation for implant applications. Experimental work using
different bacterial species are required to test the effectiveness of the developed nanostructured surfaces
in addition to mechanical tests evaluating structural stability under attrition (during bone insertion and tor-
que). Invivo testing in appropriate animal models (e.g. oral biofilm ligature models) will also need to be con-
ducted in the future.
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Figure 9. Schematic representation of the anti-biofilm activity of antibiotic-loaded coatings on titanium surface

Antibiotic loaded on titanium material by surface treatment may have bacteriostatic or bactericidal effect upon microbial contact with the antibiotic
incorporated on the surface or by contact with the drug slowly released in the environment. This end result is reduction in microbial load of polymicrobial
biofilms and, consequently, infection rates. Although a short-term releasing has been related to antibiotic-loaded coatings on titanium, some strategies
(bottom panel) may promote drug releasing and antimicrobial effect, such as light therapies to activate the coating, dual-targeting therapies, and controlled

Bacteria cell ' Biofilm-matrix

mechanisms to release antibiotic (created by BioRender®).

Another possible way to overcome the limited long-term antimicrobial potential is the use of light-induced
photocatalytic coatings, because it can be activated whenever infections are present (Nagay et al., 2019).
Our previous study (Nagay et al., 2019) showed that titanium dioxide (TiO,) surfaces doped with nitrogen
(N) and bismuth (Bi) exhibited photocatalytic and antimicrobial activity only under visible light activation.
Thus, when light activated, the electrons go into the TiO, molecule and move from the valence band to
the conduction band, creating holes. It generates reactive oxygen species that are responsible to promote
bacterial cell damage. This proposed surface also exhibited reusability of the photocatalyst, indicating that
the surface can be reactivated several times. Jiang et al. (2020) recently developed a similar antibacterial
photodynamic therapy where the antibiotics produce reactive oxygen species when under light irradiation.
Taking the photocatalytic principle into consideration and the photosensitizer-like antibiotics, the combi-
nation of photocatalytic coatings loaded with these antibiotics might be a suitable strategy to reduce mi-
crobial accumulation onto implant surfaces under demand and can be activated whenever needed.

Therefore, as future challenges, the antibiotic-loaded coatings on Ti material should consider a long-term
and sustained effect, the ability to reload the surface and to keep an effective local bacteriostatic and
bactericidal effect at the implant surface without affecting the host-response or causing cytotoxicity to
the host tissues surrounding the implants. Moreover, the most used antibiotics on coatings described in
our systematic review, gentamicin and vancomycin, are not commonly used for oral infections due to their
spectrum of action focusing on aerobic gram-negative bacilli. Thus, for dental implant applications, better
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targeted antibiotics, such as amoxicillin and metronidazole, should be considered acting against gram
negative, anaerobic bacteria that are relevant to peri-implantitis (Costa et al., 2020b).

Therefore, antibiotic-loaded coatings on Ti material are a promising approach to control implant-related
infections, but some challenges, such as prolong effectiveness, enhanced surface properties, and effect on
microbial load and in the microbial composition, need to be considered by future studies. In a nutshell, this
review sheds light on potential alternative strategies aiming to reduce microbial loads and control polymi-
crobial infection on implanted devices.

Limitations of the study

The systematic review focused only on antibiotic-loaded coatings on titanium surface, but other antimicro-
bials agents can be used to achieve bacterial killing and prevent microbial infections. Moreover, dental
implants can be made with different biomaterials, which was not considered in our systematic review.
Finally, the studies included in our systematic review have some limitations. The antibiotic-loaded coatings
evaluated require long-term evaluations by in vitro, animal and clinical models to determine their effect on
reducing microbial loads and biofilm accumulation. Qualitative analysis of bacterial presence is not enough
to assess anti-biofilm activity. Moreover, the effect of newly developed coatings on microbial composition
needs to be evaluated, because dysbiotic biofilms are responsible for exacerbated inflammatory re-
sponses. In this attempt, microbiological assessment should consider the microbial diversity and environ-
ment that mimic the in vivo condition.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2020.102008.
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Transparent Methods

Materials and methods
This systematic review was conducted in order to answer the following focused

question: “Do antibiotic-loaded coatings on titanium surface reduce long-term peri-
implant infection?””. This study was performed according to PRISMA statement

recommendations for the report of systematic reviews.

Search strategy

An extensive literature search was performed among six electronic databases up to
May 9, 2020: PubMed (MEDLINE), Scopus, Web of Science, The Cochrane Library, and
Embase. The grey literature was also searched by the System for Information on Grey
Literature in Europe (SIGLE) through the OpenGrey. The entire electronic strategy was
developed with MeSH terms/entry terms and free terms appropriately combine by
boolean operators (OR; AND) and adapted for each database (Please see Supplemental
material — Table S1, related Figure 6). The present systematic review and the search
strategy was developed with no language and publication time restriction. A manual
screening of the reference list of all included studies was performed, preventing any
missing articles. Expert authors were contacted for information of ongoing studies and
not published data. Additionally, to keep the search strategy up-to-date, alerts were

established for each database.

Eligibility criteria
For the systematic review, the studies had to meet the following inclusion criteria:

(a) to evaluate antibiotic-loaded coatings on Ti based-material implants; (b) to have a
control group with untreated implants or not loaded with antibiotic; (c) to report primary
outcomes related to microbial assessment such as biofilm/microbial load (quantitative
data) and implant contamination rate. Studies not meeting the inclusion criteria were
excluded. Additionally, the studies designated as literature reviews, case reports, case
series, in vitro, in silico, descriptive and observational were also excluded. The PICO
strategy described below was used:

(P) — Population: humans or animals with Ti based-implants;

(I) — Intervention: surface treatment with antibiotic on Ti implants clearly described;

(C) — Comparison: control (not treated/loaded with antibiotic) implants; and,



(O) — Outcome: biofilm load (bacterial counts, area covered by biofilm, bioluminescence
intensity, biovolume or plaque index) and implant contamination rate (bacterial

presence).

Study selection

References recorded identified through all databases were imported to Mendeley
reference manager (Mendeley Desktop, v1.19.4; Elsevier). Duplicate entries were
excluded according to authors’ names, the titles of references and year of publication.
After elimination of duplicate entries, two reviewers (R. C. C. and B. E. N.) independently
screened all titles and abstracts for possible inclusion. In cases of insufficient information
provided in papers’ abstracts, the full paper was read to evaluate its eligibility.
Subsequently, full texts of the remaining papers were analyzed and those that met the
inclusion criteria were included. The agreement between the two reviewers regarding the
titles and abstracts selection as well as full text was evaluated by Cohen’s kappa
coefficient (k). Any disagreements were resolved by discussion and a third author (J. G.

S. S.) was consulted to reach a consensus about eligibility.

Data extraction process

Data from the included studies were independently recorded: study features (author(s)
and year of publication), animal (species, n value and infection presence), implant
information (Ti based-material, surgical site, surface treatment, antibiotic load), time of
follow-up, peri-implant infection rate, drug concentration loaded in the surface, in vitro
drug release, and microbiological tests characterized by mean and standard deviation. In
case of missing data, the corresponding authors were contacted via institutional e-mail
and ResearchGate® website. Some papers from the same study were associated under a
single report (the most recent publication). For available data only in graphs with no mean
and standard deviation exact values, data were extracted using the program
WebPlotDigitizer which is considered a reliable tool for data extraction (Burda et al.,
2016).



Supplemental Items:

TABLE S1. Search strategy according to different databases, related to the main text and Figure 6.

PubMed (n = 325)

Scopus (n = 522)

Web of Science (n = 413)

Cochrane Library (n = 29)

Embase (n = 229)

OPENGREY (n=0)

#1 ((((Titanium[MeSH Terms]) OR
(Titanium[Title/Abstract])) OR
(Titania[Title/Abstract])) AND  ((((((Coated

materials, biocompatiblef[MeSH Terms]) OR
(coat*[Title/Abstract])) OR
(film*[Title/Abstract])) OR

(deposit*[Title/Abstract])) OR (surface*
treat*[Title/Abstract]) OR (treat* surface*))

#2 (((CCCCCCctCe(((Antibiotic* [ Title/ Abstract])
OR (Amoxicillin[Title/Abstract])) OR

(Penicillin[Title/Abstract])) OR
(Azithromycin[Title/Abstract])) OR
(Clarithromycin[Title/Abstract])) OR
(Anthracycline*[Title/Abstract])) OR
(Gentamicin*[Title/Abstract])) OR
(Neomycin[Title/Abstract])) OR
(Streptomycin[Title/Abstract])) OR
(Streptozocin[Title/Abstract])) OR
(Tobramycin[Title/Abstract])) OR
(Vancomycin[Title/Abstract])) OR
(Ciprofloxacin[Title/Abstract])) OR
(Enrofloxacin[Title/Abstract])) OR
(Clindamycin[Title/Abstract])) OR
(Metronidazole[Title/Abstract])) OR
(Doxycycline[Title/Abstract])) OR
(Minocycline[Title/Abstract])) OR

(Tetracycline[Title/Abstract]))))

#3 (CCCCCceeeceCcecececeecec@nimat
experimentation[MeSH Terms]) OR (models,
animal[MeSH Terms])) OR (animals[MeSH
Terms])) OR (animal population groups[MeSH
Terms])) OR (animals, laboratory[MeSH Terms]))

OR (animal*[Title/Abstract])) OR
(rat[Title/Abstract])) OR (rats[Title/Abstract]))
OR (mice[Title/Abstract])) OR
(mouse[Title/Abstract])) OR
(murine[Title/Abstract])) OR
(rodent*[Title/Abstract])) OR
(pig[Title/Abstract])) OR (pigs[Title/Abstract]))
OR (rabbit*[Title/Abstract])) OR
(dog[Title/Abstract])) OR (dogs[Title/Abstract]))
OR (canine[Title/Abstract])) OR
(goat*[Title/Abstract])) OR
(monkey*[Title/Abstract])) OR
(tibia*[Title/Abstract])) OR
(radius[Title/Abstract])) OR
(subcutaneous*[Title/Abstract])) OR

#1 (TITLE-ABS KEY ("Titanium") OR TITLE-
ABS-KEY ("Titania")) AND ((TITLE-ABS-
KEY ("Coated materials,
biocompatible”) OR TITLE-ABS-

KEY (coat*) OR TITLE-ABS-

KEY (film*) OR TITLE-ABS-

KEY (deposit*) OR TITLE-ABS-KEY (“surface
treatment”) OR TITLE-ABS-KEY (“surface
treatments”) OR TITLE-ABS-KEY ("surface
treated") OR TITLE-ABS-KEY (“surfaces
treated") OR TITLE-ABS-KEY (“treated
surface”) OR TITLE-ABS-KEY ("treated
surfaces"))

#2 (TITLE-ABS KEY (antibiotic*) OR TITLE-
ABS-KEY ("Amoxicillin") OR TITLE-ABS-
KEY ("Penicillin") OR TITLE-ABS-

KEY ("Azithromycin") OR TITLE-ABS-
KEY ("Clarithromycin”) OR TITLE-ABS-
KEY (Anthracycline*) OR TITLE-ABS-
KEY (Gentamicin*) OR TITLE-ABS-

KEY ("Neomycin") OR TITLE-ABS-

KEY ("Streptomycin") OR TITLE-ABS-
KEY ("Streptozocin™) OR TITLE-ABS-
KEY ("Tobramycin") OR TITLE-ABS-
KEY ("Vancomycin”) OR TITLE-ABS-
KEY ("Ciprofloxacin") OR TITLE-ABS-
KEY (“Enrofloxacin™) OR TITLE-ABS-
KEY ("Clindamycin") OR TITLE-ABS-
KEY ("Metronidazole”) OR TITLE-ABS-
KEY ("Doxycycline") OR TITLE-ABS-
KEY ("Minocycline”) OR TITLE-ABS-
KEY ("Tetracycline™)))

#3 (TITLE-ABS-KEY ("animal
experimentation”) OR TITLE-ABS-

KEY ("models, animal”) OR TITLE-ABS-
KEY ("animals") OR TITLE-ABS-

KEY ("animal population groups") OR TITLE-
ABS-KEY ("animals, laboratory") OR TITLE-
ABS-KEY (animal*) OR TITLE-ABS-

KEY ("rat") OR TITLE-ABS-

KEY ("rats") OR TITLE-ABS-

KEY ("mice”) OR TITLE-ABS-

KEY ("mouse”) OR TITLE-ABS-

KEY ("murine”) OR TITLE-ABS-

KEY (rodent*) OR TITLE-ABS-

KEY ("pig") OR TITLE-ABS-

KEY ("pigs™) OR TITLE-ABS-

#1 Topic: TS=("Coated materials,
biocompatible” OR coat* OR film*
OR deposit* OR surface* treat* OR
treat* surface*) AND
TS=(Antibiotic* OR "Amoxicillin"
OR "Penicillin" OR "Azithromycin"
OR  "Clarithromycin" OR
Anthracycline*  OR Gentamicin*
OR "Neomycin" OR "Streptomycin”
OR "Streptozocin® OR
"Tobramycin" OR "Vancomycin"
OR “Ciprofloxacin” OR
"Enrofloxacin” OR "Clindamycin”
OR "Metronidazole" OR
"Doxycycline” OR "Minocycline"
OR "Tetracycline™)

#2 Topic: TS=("animal
experimentation” OR "models,
animal" OR "animals" OR "animal
population groups” OR “animals,
laboratory” OR animal* OR "rat"
OR "rats" OR "mice" OR "mouse"
OR "murine” OR rodent* OR pig*
OR rabbit* OR dog* OR "canine"
OR goat* OR monkey* OR tibia*
OR "radius" OR subcutaneous* OR
calvaria* OR “calvarium" OR
“femur" OR "jaw" OR mandible*
OR palat* OR fibula* OR zygoma*

OR "in vivo" OR "in situ" OR
“clinical” OR "randomized" OR
"nonrandomized" OR  "non-
randomized" OR "trial" OR

intervention stud* OR "follow up"
OR follow-up* OR patient* OR
"human" OR volunteer* OR "quasi-
experimental™)

Topic: TS=(Titanium OR
Titania) AND #1 AND #2

#1 MeSH descriptor:  [Titanium]
explode all trees
#2(titanium):ti,ab,kw OR
(titania):ti,ab,kw
#3 #1 OR #2
#4  MeSH  descriptor:  [Coated

materials, biocompatible] explode all
trees 658

#5 (coat*):ti,ab,kw OR (film):ti,ab,kw
(deposit*):tiab,kw OR  (surface*
treat*):ti,ab,kw (treat*
surface*):ti,ab,kw

#6 #4 OR #5

#7 (antibiotic*):ti,ab,kw OR

(amoxicillin):ti,ab,kw
(Penicillin):ti,ab,kw OR
(Azithromycin):ti,ab,kw
(Clarithromycin):ti,ab,kw OR
(Anthracycline*):ti,ab,kw
(Gentamicin®):ti,ab,kw OR
(Neomycin):ti,ab,kw
(Streptomycin):ti,ab,kw OR
(Streptozocin):ti,ab,kw
(Tobramycin):ti,ab,kw OR
(Vancomycin):ti,ab,kw
(Ciprofloxacin):ti,ab,kw OR
(Enrofloxacin):ti,ab,kw
(Clindamycin):ti,ab,kw OR
(Metronidazole):ti,ab,kw
(Doxycycline):ti,ab,kw OR

(Minocycline):ti,ab,kw
(Tetracycline):ti,ab,kw

#8 #6 AND #7

#9 MeSH descriptor:  [Animal
Experimentation] explode all trees

#10 MeSH descriptor:  [Models,
Animal] explode all trees
#11 MeSH descriptor:  [Animal

Population Groups] explode all trees

#1  (titanium'/exp/mj  OR
titanium:ti,ab,kw OR
titania:ti,ab,kw)

#2  (biocompatible  coated
material'/exp/mj OR
coat*:ti,ab,kw OR film*:ti,ab,kw
OR deposit*:ti,ab,kw OR
'surface* treat*"tiabkw OR
‘treat* surface*":ti,ab,kw) AND

(‘antibiotic agent/exp/mj OR
antibiotic:ti,ab,kw OR
amoxicillin:ti,ab,kw OR
penicillin:ti,ab,kw OR
azithromycin:ti,ab,kw OR
clarithromycin:ti,ab,kw OR
anthracycline*:ti,ab,kw OR
gentamicin*:ti,ab,kw OR
neomycin:ti,ab,kw OR
streptomycin:ti,ab,kw OR
streptozocin:ti,ab,kw OR
tobramycin:ti,ab,kw OR
vancomycin:ti,ab,kw OR
ciprofloxacin:ti,ab,kw OR
enrofloxacin:ti,ab,kw OR
clindamycin:ti,ab,kw OR
metronidazole:ti,ab,kw OR
doxycycline:ti,ab,kw OR
minocycline:ti,ab,kw OR

tetracycline:ti,ab,kw)

#3 (animal experiment/exp/mj
OR ‘animal model'/exp/mj OR
‘animal'/exp/mj OR 'experimental

animal'/exp/mj OR
animal*:ti,ab,kw OR rat:ti,ab,kw
OR rats:ti,ab,kw OR

mice:ti,ab,kw OR mouse:ti,ab,kw
OR murine:ti,ab,kw OR
rodent*:ti,ab,kw OR pig:ti,ab,kw
OR pigs:ti,ab,kw OR
rabbit*:ti,ab,kw OR dog:ti,ab,kw
OR dogs:ti,ab,kw OR

canine:ti,ab,kw OR
goat™*:ti,ab,kw OR
monkey*:ti,ab,kw OR
tibia*:ti,ab,kw OR
radius:ti,ab,kw OR
subcutaneous*:ti,ab,kw OR

#1
(Titanium OR Titania)

#2

(Coated materials, biocompatible
OR coat* OR film* OR deposit*
OR surface* treat* )

#3

(Antibiotic* OR Amoxicillin OR
Penicillin OR Azithromycin OR
Clarithromycin OR
Anthracycline* OR Gentamicin*
OR Neomycin OR Streptomycin
OR Streptozocin OR Tobramycin

OR Vancomycin OR
Ciprofloxacin  OR Enrofloxacin
OR Clindamycin OR

Metronidazole OR Doxycycline
OR Minocycline OR Tetracycline
)

#4

(animal experimentation OR
models, animal OR animals OR
animal population groups OR
animals, laboratory OR animal*
OR rat OR rats OR mice OR
mouse OR murine OR rodent*
OR pig* OR rabbit* OR dog* OR
canine  OR goat* OR monkey*
OR tibia*x OR radius OR
subcutaneous* OR calvaria* OR
calvarium OR femur OR jaw
OR mandible* OR palat* OR
fibula* OR zygoma* OR in vivo
OR insitu OR clinical OR
randomized OR nonrandomized
OR non-randomized OR trial OR
intervention stud* OR follow up
OR follow-up* OR patient* OR
human OR volunteer* OR quasi-
experimental)

#1 AND #2 AND #3 AND
#4




(calvaria*[Title/Abstract])) OR
(calvarium[Title/Abstract])) OR
(femur[Title/Abstract])) OR (jaw[Title/Abstract]))
OR (mandible*[Title/Abstract])) OR
(palat*[Title/Abstract])) OR
(fibula*[Title/Abstract])) OR
(zygoma*[Title/Abstract])) OR (in

vivo[Title/Abstract])) OR (@@
situ[Title/Abstract]) OR (clinical[Title/Abstract]))
OR (randomized[Title/Abstract])) OR
(nonrandomized[Title/Abstract])) OR  (non-

randomized[Title/Abstract])) OR
(trial[Title/Abstract])) OR (intervention
stud*[Title/Abstract])) OR (follow
up[Title/Abstract])) OR (follow-
up*[Title/Abstract])) OR
(patient*[Title/Abstract])) OR
(human[Title/Abstract])) OR

(volunteer*[Title/Abstract])) OR (quasi-
experimental[Title/Abstract])))

#1 AND #2 AND #3

KEY (rabbit*) OR TITLE-ABS-
KEY ("dog") OR TITLE-ABS-
KEY ("dogs") OR TITLE-ABS-
KEY (“canine") OR TITLE-ABS-
KEY (goat*) OR TITLE-ABS-
KEY (monkey*) OR TITLE-ABS-
KEY (tibia*) OR TITLE-ABS-
KEY ("radius") OR TITLE-ABS-
KEY (subcutaneous*) OR TITLE-ABS-

KEY (calvaria*) OR TITLE-ABS-

KEY (“calvarium”) OR TITLE-ABS-

KEY (“femur") OR TITLE-ABS-

KEY (“jaw") OR TITLE-ABS-

KEY (mandible*) OR TITLE-ABS-

KEY (palat*) OR TITLE-ABS-

KEY (fibula*) OR TITLE-ABS-

KEY (zygoma*) OR TITLE-ABS-KEY ("in
vivo") OR TITLE-ABS-KEY ("in

situ”) OR TITLE-ABS-

KEY (“clinical") OR TITLE-ABS-

KEY (“"randomized") OR TITLE-ABS-

KEY ("nonrandomized") OR TITLE-ABS-

KEY ("non-randomized”) OR TITLE-ABS-
KEY ("trial") OR TITLE-ABS-

KEY (“intervention study”) OR TITLE-ABS-
KEY (“intervention studies”) OR TITLE-ABS-
KEY (“follow up") OR TITLE-ABS-
KEY (follow-up*) OR TITLE-ABS-

KEY (patient*) OR TITLE-ABS-
KEY ("human") OR TITLE-ABS-
KEY (volunteer*) OR TITLE-ABS-
KEY ("quasi-experimental™))

#1 AND #2 AND #3

#12 MeSH descriptor: [Animals,
Laboratory] explode all trees

#13 MeSH descriptor: [Animals]
explode all trees

#14 (animal*):ti,ab,kw OR
(rat):ti,ab,kw  (rats):tiab,kw OR
(mice):ti,ab,kw OR (mouse):ti,ab,kw

OR (murine):ti,ab,kw
(rodent*):ti,ab,kw OR (pig):ti,ab,kw
OR (pigs):ti,ab,kw OR

(rabbit*):ti,ab,kw (dog):ti,ab,kw OR
(dogs):ti,ab,kw OR (canine):ti,ab,kw
OR (goat*):ti,ab,kw

(monkey*):ti,ab,kw OR
(tibia*):ti,ab,kw OR (radius):ti,ab,kw
OR (subcutaneous*):ti,ab,kw
(calvaria*):ti,ab,kw OR
(calvarium):ti,ab,kw OR
(femur):ti,ab,kw OR (jaw):ti,ab,kw
(mandible*):ti,ab,kw OR
(palat*):ti,ab,kw OR
(fibula*):ti,ab,kw OR

(zygoma™*):ti,ab,kw (in vivo):ti,ab,kw
OR (in situ):ti,ab,kw OR

(clinical):ti,ab,kw OR
(randomized):ti,ab,kw OR
(nonrandomized):ti,ab,kw (non-
randomized):ti,ab,kw OR

(trial):ti,ab,kw OR (intervention
stud*):ti,ab,kw OR (follow
up):tiabkw  (follow-up*):ti,ab,kw
OR (patient™*):ti,ab,kw OR
(human):ti,ab,kw OR
(volunteer*):tiab,kw OR  (quasi-
experimental):ti,ab,kw

#15 #9 OR #10 OR #11 OR
#12 OR #13 OR #14

calvaria*:ti,ab,kw OR
calvarium:ti,ab,kw OR
femur:ti,ab,kw OR jaw:ti,ab,kw
OR  mandible*:tiab,kw OR

palat*:ti,ab,kw OR
fibula*:ti,ab,kw OR
zygoma*:ti,ab,kw OR 'in
vivo'ti,ab,kw OR 'in

situ':ti,ab,kw OR clinical:ti,ab,kw
OR randomized:ti,ab,kw OR
nonrandomized:ti,ab,kw OR 'non
randomized'ti,ab,kw OR
trial:ti,ab,kw OR ‘intervention
stud*tiabkw  OR  ‘follow
up':ti,ab,kw OR ‘follow

up*":ti,ab,kw OR
patient*:ti,ab,kw OR
human:ti,ab,kw OR

volunteer*:ti,ab,kw OR ‘quasi
experimental’:ti,ab,kw)

#1 AND #2 AND #3




TABLE S2 - Summary of excluded studies, related to the main text and Figure 6.

Reason for exclusion Number Studies
!Does not used titanium-based 2 Bernthal et al. (2010); Jennings et al. (2015)
implants

Vester et al. (2010); Norowski et al. (2011); Stewart et al. (2012); Qu
Does not evaluate microbial et al. (2014); Walter et al. (2014); Zhang et al. (2014); Nast et al.
colonization quantitatively on 18 (2016); Lietal. (2017, 2018, 2020); Schmidmaie et al. (2017); Wan
implant surface etal. (2017); Sutrisno et al. (2018); Li et al. (2019); Qianetal. (2019);

Williams et al. (2019); Sumathra et al. (2020); Yavari et al. (2020).

Microbiological evaluation in bone Moojen et al. (2009); Yang et al. (2013); Ma et al. (2017); Boot et al.

tissue only 4 (2020).
Human study without control group 1 Fuchs et al. (2011)
Unavailable full text 2 Liu et al. (2016); Wang et al. (2017)
Ren et al. (2014); Liu et al. (2016); Nast et al. (2016a); Nast et al.
Other reasons 6 (2016b); Qu et al. (2016); Zhang et al. (2018).
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