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Abstract: Titanium (Ti) dental implant failure as a result of infection has been established at 40%,
being regarded as one of the most habitual and untreatable problems. Current research is focused on
the design of new surfaces that can generate long-lasting, infection-free osseointegration. The purpose
of our study was to assess studies on Ti implants coated with different antibacterial surfaces, assessing
their osseointegration. The PubMed, Web of Science and Scopus databases were electronically
searched for in vivo studies up to December 2020, selecting six studies that met the inclusion criteria.
The quality of the selected studies was assessed using the ARRIVE (Animal Research: Reporting of In
Vivo Experiments) criteria and Systematic Review Center for Laboratory animal Experimentation’s
(SYRCLE’s) risk of bias tool. Although all the included studies, proved greater osseointegration
capacity of the different antibacterial surfaces studied, the methodological quality and experimental
models used in some of them make it difficult to draw predictable conclusions. Because of the
foregoing, we recommend caution when interpreting the results obtained.

Keywords: titanium dental implants; antibacterial coating surfaces; osseointegration

1. Introduction

More than 50 years ago, Bränemark described the process of osseointegration as “a
direct structural and functional connection between ordered, living bone and the surface
of a load-carrying implant”. This researcher proved that an implant’s titanium (Ti) oxide
coating could fuse to living bone and that Ti and bone would be impossible to separate
without fracturing [1,2].

The process of osseointegration basically consists of an anchoring mechanism through
which Ti effectively bonds with the living bone, remaining under all normal load condi-
tions and providing prostheses with long-term clinical stability [3,4]. Despite this, direct
bone-to-implant contact could be indicative of a lack of systemic or local response to the
implant’s surface and, therefore, osseointegration would involve a biologically negative
tissue response [5]. Nevertheless, as reported in earlier publications [6], osseointegration
remains a complex and unknown process that depends on certain systems such as the
immune system and the autonomic nervous system.

Although postoperative infections after implant surgery are uncommon, some fail-
ures are due to infection at the moment of placement or in the following days [7], with a
prevalence of around 12% [8]. Moreover, even completely sterilized Ti implants are prone
to bacterial infections, sometimes as a result of the host’s defenses being compromised and
others due to the questionable antibacterial properties of Ti that have been reported in cer-
tain studies [9]. Bacterial infections around implant surrounding tissue (peri-implantitis),
whose criteria were established at the World Workshop on the Classification of Periodontal
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and Peri-implant Diseases and Conditions [10], are one of the most common and untreat-
able problems associated with Ti dental implants, compromising their integration and
destroying their stability, leading to eventual failure [11].

This, alongside the need of early osseointegration, is one of the reasons why research
in recent decades has focused more on implant surfaces than on the geometry and design
of the devices, the aim being to achieve safer and longer osseointegration periods, after
the testing and description of different dental implant coatings with antibacterial prop-
erties such as different molecules, metals, minerals, antibiotics and antiseptics, among
others [12–19]. Figure 1 illustrates the increase in the number of publications that has taken
place in recent years.
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The purpose of this study was to assess, in vivo, different endosseous Ti devices
coated with a variety of antimicrobial agents aimed at enhancing osseointegration.

2. Results
2.1. Search Results and Study Description

Until December 2020, a total of 30 studies were selected and independently assessed
by two reviewers. A total of 6 studies were included in the systematic review (Figure 2
Flowchart). 212 implants coated with 6 different antibacterial surfaces were assessed. No
meta-analysis was conducted because of the scarcity and heterogeneity of the studies.
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2.2. Description of the Characteristics of the Studies

Tables 1–3 provide a general description of the characteristics of the included studies.
The studies used 4 experimental models (rabbit [20], mouse [21], rat [22] and dog [19,23,24]).
Sample sizes varied between 3 [19] and 36 animals [22]. Two studies [19,20] used metal
coatings (Ta, Sr), two used antibiotic coatings (DC, BC) and two used [23,24] rhBMP. The
longest monitoring period was 8 weeks [20,21,23,24]. All the studies reported on bone
formation around implants, the most used measurement method being BIC [20–24]. Only
two of the studies assessed antibacterial activity of coating surfaces [19,22].
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Table 1. Characteristics of included studies.

Studies Animal Model
(n)

Location of
Implant

Placement
Follow-Up Analysis Methods Conclusions

Zhang et al. [19]
Beagle dog

model
(3)

Mandible
(premolars
and molar

area)

4 weeks

- Micro-CT.
- Bone volume (BV).
- Bone Mineral Density

(BMD).
- Trabecular Thickness

(Tb.Th).
- Trabecular Number

(Tb.N).

The SLA-Ta (Tantalum)
surface showed excellent

antibacterial activity against
Porphyromonas gingivalis and
Fusobacterium nucleatum
involved in peri- implant

infections.

Zhou et al. [20]
New Zealand
rabbit model

(24)

Femoral
shafts area 8 weeks

- Histological analysis
of the BIC.

- Pull-out force of the
metallic Ti wires with
and without coatings.

- Bacterial counting
method

The incorporation of
Strontium (Sr) induces a

better osseointegration, but
it did not affect its

angiogenic and antibacterial
capabilities.

Ding et al. [21]
Wild mice

model
(20)

The upper
first right

molar area
8 weeks

- Micro-CT
- BIC
- Bone Area (BA)

The doxycycline
(DC)-treated

Hydroxyapatite
(HA)-coated implant surface
promotes bone apposition

around the implant.

Nie et al. [22] Rat model
(36) Femur 3 weeks

- Staphylococcus aureus
concentration.

- Micro-CT.
- BIC.

The bacitracin (BC) on the Ti
surface demonstrated
potential prophylaxis

against Ti
implant-associated infection.

Further, the BC-coated Ti
showed potential towards

osteoinductvity in a rat
model.

Lee et al. [23]
Hound

Labrador dogs
(12)

Mandibular
premolar

area
8 weeks

- Radiographic
recordings (Presence
of a periimplant
radiolucent zone).

- BIC
- BMD

Human bone
morphogenetic protein- 2

(rhBMP-2)-coated tita- nium
porous oxide implants
induce significant bone

formation.

Susin et al. [24]
Hound

Labrador dogs
(6)

Mandibular
premolar

area
8 weeks

- Radiographic
recordings (Presence
of a periimplant
radiolucent zone).

- BIC
- BMD

rhBMP-7 coated onto Ti
porous-oxide surface

implants induces clinically
relevant local bone

formation including
osseointegration and

vertical augmentation of the
alveolar ridge.

BV, bone volume; BMD, bone mineral density; Tb.Th, trabecular thickness; Tb.N, trabecular number; BIC, bone to implant contact;
Ti, titanium; Ta, tantalum; Sr, strontium; BA, bone area; DC, doxycycline; BC, bacitracin; HA, hydroxyapatite; rhBMP, human bone
morphogenetic protein.
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Table 2. Characteristics of implants.

Studies Implants
Number (n)

Implant
Dimensions,

D(Ø) × L
(mm)

Ti Implant
Shape

Antibacterial
Surface

Incorporation
(See Figure 3)

Surface Coating

Zhang et al. [19] 24 3.3 Ø × L 10 Screw Tantalum (Ta)
The Ti base was sputtered Ti sprayed for

10 min. Then, Ta deposition was carried out
for 40 min by sputtering.

Zhou et al. [20] 24 2.5 Ø × L 10 Cylinder Strontium (Sr) The adhesion force and ion release of the
coating are shown in figure.

Ding et al. [21] 20 0.8 Ø × L 1.5 Screw Doxycycline (DC) Frequency sputtering method.

Nie et al. [22] 36 1.5 Ø ×L 20 Rod Bacitracin (BC) BC grafted on the surface of Ti bacitracin
(concentration 1 mg/mL).

Lee et al. [23] 72 4.3 Ø × 10 L Screw
30 µg

rhBMPm-2/implant
was applied.

Immersion of the entire implant in an
rhBMP-2 solution.

Susin et al. [24] 36 4 Ø × 10 L Screw
30 µg

rhBMPm-7/implant
was applied.

Immersion of the entire implant in an
rhBMP-7 solution.

Ta, tantalum; Sr, strontium; DC, doxycycline; BC, bacitracin; rhBMP, human bone morphogenetic protein.

Table 3. Antibacterial activity and bone formation in vivo. Outcomes.

Studies,
Year Antibacterial Activity Bone Formation

Zhang et al. [19]
The SLA-Ta surface hampered the biofilm formation of P.

gingivalis, although the mechanism of antibacterial
activity of the SLA-Ta surface remains unknown.

Better osseointegration of the Ta coating.
The BIC and BD of the coated implants (SLA-Ta) was

significantly higher than that of those not modified with Ta
(p < 0.05).

Zhou et al. [20] NR

The Sr coatings gave the implants better osseointegration
ability compared to bare metal Ti substrates.

BIC p < 0.01 compared to metallic
Ti substrate.

Ding et al. [21] NR At 4 and 8 weeks, BIC of DC group, was significantly higher
than the one of HA group.

Nie et al. [22]
The number of bacteria in the bacitracin (BC) modified Ti

implant was significantly lower compared to the
unmodified Ti rod group.

BIC for the Ti–BC implants were
significantly higher than those of the

Ti-implants (p < 0.05).

Lee et al. [23] NR

- The induced bone was thin trabecular bone, with
restricted BIC.

- Lamellar bone formation in at implants with to
localized rhBMP-2 coating.

- BD averaged 38.0 ± 3.8% and 34.4 ± 5.6%
- for coronal- and soak-load implants,
- respectively (p > 0.05).
- BIC-values averaged 25.0 ± 3.8%
- and 31.2 ± 3.3% (p > 0.05).

Susin et al. [24] NR

BIC values for Ti implants versus Ti coated with rhBMP-7
44 ± 17 and 40 ± 9%, respectively.

BD values were 44 ± 17% versus 40 ± 9%,
respectively.

NR, not reported; BIC, bone implant contact; BD, bone density; Ta, tantalum; Sr, strontium; DC, doxycycline; BC, bacitracin; HA,
hydroxyapatite.
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2.3. Risk of Bias and Quality Assessment of the Studies Included

Risk of bias was assessed according to the SYRCLE guide (Systematic Review Center
for Laboratory animal Experimentation) [25] (Figure 4). All the studies presented high risk
of bias. The quality of the selected studies (ARRIVE [Animal Research: Reporting of In
Vivo Experiments] criteria, Table 4) achieved a mean score of 17.6. None of the studies
reported items 5 (Reasons for animal models), 19 (3Rs, Replace, Reduce and Refine), 20
(Adverse events) and 21 (Study limitations), although Susin et al. [24] made reference in the
discussion of their article to the beginning of the 3Rs, without mentioning if they complied
with it. Only one of the studies [21] failed to report item 22 (Generalization/Applicability).
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Table 4. Checklist of ARRIVE criteria reported by the included studies.

Studies
Zhang
et al.
[19]

Zhou
et al.
[20]

Ding
et al.
[21]

Nie
et al.
[22]

Lee
et al.
[23]

Susin
et al.
[24]

1. Title 1 1 1 1 1 1

Abstract

2. Species 1 1 1 1 1 1

3. Key finding 1 1 1 1 1 1

Introduction

4. Background 1 1 1 1 1 1

5. Reasons for
animal models 0 0 0 0 0 0

6. Objectives 1 1 1 1 1 1
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Table 4. Cont.

Studies
Zhang
et al.
[19]

Zhou
et al.
[20]

Ding
et al.
[21]

Nie
et al.
[22]

Lee
et al.
[23]

Susin
et al.
[24]

Methods

7. Ethical statement 1 1 1 1 1 1

8. Study design 1 1 1 1 1 1

9. Experimental
procedures 1 1 1 1 1 1

10. Experimental
animals 1 1 1 1 1 1

11. Accommodation and
handling of animals 0 1 0 1 0 0

12. Sample size 1 1 1 1 1 1

13. Assignment of
animals

to experimental groups
1 1 1 1 1 1

14. Anesthesia 1 1 1 1 1 1

15. Statistical methods 1 1 1 1 1 1

Results

16. Experimental results 1 1 1 1 1 1

17. Results and
estimation 1 1 1 1 1 1

Discussion

18. Interpretation
and scientific
implications

1 1 1 1 1 1

19. 3Rs reported 0 0 0 0 0 0

20. Adverse events 0 0 0 0 0 0

21. Study limitations 0 0 0 0 0 0

22. Generalization/
applicability 1 1 0 1 1 1

23. Funding 0 0 0 1 1 1

TOTAL, SCORE 17 18 16 19 18 18
17.6 ± 1.03. Score and mean deviation of the studies included.

3. Discussion

Dental implant surfaces are under constant research and evolution. Despite reporting
survival rates above 95% [26], traditional SLA surfaces (Sandblasted, Large-Grit, Acid-
Etched Surface), are not free from disadvantages, one of them being hydrophobicity, which
has led to additional modifications of this type of surface [27,28]. Another issue is the time
required for bone healing which, although it has considerably reduced, still involves a
lengthy period [29].

In particular, oral cavity conditions (abundance of fluoride ions, lactic acid and certain
microorganisms), resistance to corrosion and the antibacterial properties of Ti diminish,
which could lead to premature surface infections and eventual implant failure [30,31].
Likewise, although the rough surfaces that currently characterize most dental surfaces favor
osseointegration, certain authors have reported that such surfaces have the disadvantage of
also favoring infection of the tissues that surround the implant (peri-implantitis) [32]. Like
osteogenic cells, oral cavity bacteria have an affinity for rough Ti surfaces, causing a true
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race to colonize its surface [33,34]. After colonization, the host develops an inflammatory
response, generating proinflammatory cytokines that stimulate the genesis of osteoclasts
and increase the risk of peri-implantitis [35,36], whose prevalence stands at up to 40%,
depending on the site [37,38].

Of the 6 studies selected for our review, two [19,20] used metal coatings (Ta, Sr) with
antimicrobial properties on Ti surfaces, two [21,22] used antibiotics coatings (DC, BC) and
two [23,24] used human bone morphogenetic protein (rhBMP).

Traditionally, the metallic compound that has been most frequently used as antibacte-
rial has been silver (Ag) [39], followed by others such as Ta, Sr, Zinc (Zn), Ti and Copper
(Cu). Certain researchers have studied Ta’s biocompatibility and corrosion resistance [40],
proving that porous Ta might allow bone formation and favor not only osseointegration,
but also osseoincorporation, which would significantly improve the secondary stability
of implants in bone tissue. On this aspect, in a study on Beagle dog models, Zhang and
colleagues [19] used Ta coatings on Ti implants, reporting greater antibacterial capacity
and greater osseointegration.

Sr salt (Sr ranelate, SrRan) has been clinically used to treat osteoporosis, even though
its mechanism of action on bone remodeling remains unknown. There is in vitro evidence
of SrRan acting on mesenchymal cells in their osteogenic differentiation [41], reducing the
attachment of osteoclasts to the bone surface by increasing collagen synthesis and alkaline
phosphatase [42], thus improving osseointegration and early implant binding [43,44]. Zhou
and colleagues [20] proved, in vitro and in vivo, that the addition of Sr to Ti oxide surfaces
(TiO2) improved their osteogenic capacity as well as enhancing antigenic and antibacterial
activity; however, they realized that altering such surfaces with high contents of Sr would
deteriorate such capacities. Nevertheless, in their systematic reviews, Shi and colleagues
and López-Valverde and colleagues [45,46] reported differences in bone formation around
Ti implants coated with Sr, depending on the experimental model, considering it optimal
in rat models and non-significant in other models such as rabbits. Such differences were
attributed to possible dynamic bone formation and remodeling differences, especially in
early healing intervals. A large number of in vitro and in vivo studies have revealed that, as
well as good cytocompatibility, the addition of Sr and Ag to TiO2 surfaces encourages strong
antibacterial activity and accelerates new bone formation around the implant [47–50].

Microarc Oxidation (MAO) or Plasma Electrolitic Oxidation (PEO) is an electrochem-
ical treatment that results in a more stable oxide layer than anodic oxidation. If the
electrolyte in which PEO is performed contains calcium and phosphate ions, the oxide
layer produced may contain HA. This ceramic layer possesses high stability and resistance
to corrosion and wear, enhancing the host cellular reaction in terms of osteoblastic prolif-
eration and differentiation, considered one of the most promising techniques, due to the
formation of a high bond between the bone and the surface of Ti [51–55]. In our review,
the study by Ding and colleagues [21] evaluated in mice, the formation of new bone on
HA (cathodic sputtering) coated implant surfaces treated with DC in an oral environment,
concluding that this coating would promote bone apposition around the implant. However,
HA has been used as a vehicle for antibiotic delivery because commercial HA itself shows
no activity against Gram-positive and Gram-negative bacteria [56,57]. Nevertheless, some
studies have pointed out the need to evaluate the biocompatibility and tissue integration
capacity of PEO-coated surfaces, as well as their corrosion resistance and antibacterial
capacity in vivo [58–62].

The use of antibiotic coatings (such as bacitracin, amoxicillin, doxycycline, gentamycin)
on dental implant surfaces could chemically improve molecular and cellular responses and
reduce infection rates, facilitating osseointegration [63,64]. As well as acting as a potential
factor in the treatment of periodontal diseases, doxycycline is one of the antibiotics that are
commonly used to control infection after implant surgery [65,66]; therefore, incorporating
this drug into implant surfaces could control the speed of release on the implant site [67]. In
an in vivo study using mice, Ding and colleagues [21] reported a significant increase in BIC
at 4 and 8 weeks in the doxycycline-coated implant group as compared with the HA-coated
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implants. Their results are consistent with those of other studies that propose doxycycline
as an ideal bacteriostat that would remain on the implant’s surface for at least two weeks
following implant placement, without altering surface topography [65,68,69]. In a study
using rat femurs, Nie and colleagues [22] found significant differences between implants
that had been altered with BC and Ti implants in implant sites that were contaminated
with Staphylococcus aureus bacteria, reporting better osteogenic capacity in the BC-coated
implants and therefore concluding that Ti–BC implants could promote bone formation.
In a previous in vitro study, these same authors had proved the capacity of immobilized
BC to enhance Ti hydrophilicity and that titanium immobilized with BC could inhibit
bacterial attachment and colonization [70]. Nevertheless, certain studies have reported
the problems that antibiotic coated implants could generate, among which are loss of
bactericidal capacity and the generation of antibiotic-resistant strains [71].

The last two studies included in our review, those by Lee and colleagues and Susin
and colleagues [23,24], used Hound Labrador Mongrel dogs to assess new bone formation
around endosseous Ti implants totally or partially coated with rhBMP-2 and rhBMP-7
(Human Bone Morphogenetic Protein), placed in critical size bilateral peri-implant supra-
alveolar defects. With their different subtypes, BMPs (bone morphogenetic protein) are
the most powerful osseoinducers known to date [72]. BMP-2 plays an essential role in
chondrogenesis, osteogenesis and revascularization processes, anticipating that the other
BMPs are incapable of replacing the function of BMP-2 in bone healing [73]. Cohen and
colleagues [74] demonstrated in vitro that this protein would act as an immunomodulator
in bacteria-infected neutrophils. Likewise, the presence of rhBMP-2 on the implant bed
would stimulate and activate the infiltrating neutrophils that are the first line of defense in
acute inflammatory response. They also reported that the production of reactive oxidative
species on contaminated surgical sites would indicate the role of rhBMP-2 as a priming
agent for neutrophils, increasing their bactericidal capacities. Certain clinical trials have
shown how low concentrations of certain bactericidal agents combined with BMP-2 were
able to almost completely suppress bacterial growth as compared to treatments that did
not use BMP-2.

Among other functions, BMP-7 plays a role in healing and regenerating the skeleton,
being regarded as an important mediator in osteoblastic differentiation as well as a pow-
erful anti-inflammatory and antioxidant [75–77]. Susin and colleagues [24] reported that
coating porous Ti oxide surfaces with rhBMP-7 would stimulate bone formation, enhancing
osseointegration and vertical growth of the alveolar crest; nevertheless, they warned that
the use of high concentrations of rhBMP-7, could give rise to local side effects.

Lee and colleagues [23] reported that full coating of the implant surface with rhBMP-2
would favor osseointegration and bone remodeling in compromised bones (type IV ac-
cording to Lekholm and Zarb [78]) and that local application of rhBMP-2 on the most
coronal part of the implant would provide an ideal coating to extrapolate animal studies
to clinical trials (RCTs). In this regard, Chen ad colleagues, Ji and colleagues and Helbig
and colleagues researched the effects on osteogenesis on chronically infected sites, prov-
ing that these proteins were capable of maintaining osteoinductivity in the presence of
infection [79–82].

Direct coating of implant surfaces using BMP has been assessed in preclinical mod-
els with promising results as a feasible alternative to current bone augmentation pro-
cedures [83]. The use of rhBMP-7 as an alternative to autologous bone grafts has been
approved both in Europe and in the USA, there being numerous studies that promote
its use in the treatment of certain types of pseudoarthrosis [84,85]. There is proof that
this protein plays an important role in M2 macrophage and monocyte polarization and is
decisive to increase the expression of anti-inflammatory cytokines [86,87], since it is known
that the presence of monocytes/macrophages in the early stages and their transition to
multinucleated cells, coincides with the formation of ectopic bone around biomaterials [88].
Ultimately, Ti substrates that release antibiotics and osteoinductive proteins (BMPs) would
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improve the function of osteoblastic cells and could be a promising material to promote
osseointegration and longevity of implants in orthopedics and dentistry [89–91].

However, our systematic review has a series of limitations: first and foremost, the small
number of studies, which precludes meta-analysis; second, there is significant variation in
cortical bone formation and remodeling among the different experimental models, added
to the fact that implant sites in some of the included studies (rat femurs) are not adequate
models to extrapolate results to humans; third, the quality and methodology of the included
studies proved very disparate, hindering result comparison; fourth, preclinical studies
always provide less evidence and applicability to patients than clinical trials, since they
evaluate the effect of an intervention in cell or animal models.

Although the six studies included reported positive effects as regards the effectivity
of the antimicrobial coatings used, we believe that, in order to determine the efficacy of
a certain surface, it is necessary to reduce biases, establish appropriate research parame-
ters and eliminate confounders, the purpose of this being to obtain useful and clinically
applicable results.

4. Materials and Methods
4.1. Protocol and Register

This study was designed by NL-V. The review was performed according to the
PRISMA guidelines for systematic reviews [92] (Table S1, Checklist), using a specific
question based on the PICO framework:

(P) Participants: subjects who received endosseous implants.
(I) Intervention: modified implants coated with antibacterial surfaces.
(C) Control: non-modified Ti implants.
(O) Outcome: soft tissue response and bone formation around modified Ti implants—

BIC (bone implant contact), BA (bone area) and BD (bone density).
The research question was: “Are antibacterial-doped titanium surfaces more osseoin-

tegrative than etched surfaces (SLA)?”.

4.2. Selection Criteria, Information Sources and Search

Exclusion criteria: Studies that did not use Ti surfaces coated with antibacterial
surfaces or did not evaluate antibacterial activity; studies on modified animals (osteoporotic,
diabetic . . . ); in vitro studies; narrative reviews and systematic reviews, and studies
published in languages other than English.

The PubMed, Web of Science (WOS) and Scopus databases were searched for articles
published until December 2020. The MeSH terms (Medical Subject Headings) used in
the PubMed databases were: “Dental Implants” [MeSH Terms] AND “Coated Materials”
[MeSH Terms] AND “Biocompatible” [MeSH Terms] AND “Anti-Bacterial Agents” [MeSH
Terms] AND “Animals” [MeSH Terms] AND “Osseointegration” [MeSH Terms]. The
Boolean operator AND was used to refine the search.

4.3. Data Extraction and Analysis

The titles and abstracts of the articles yielded by the three search engines (PubMed,
WOS and Scopus) were downloaded using Mendeley software (Elsevier Inc, New York,
NY, USA, EE. UU.). Two reviewers (NL-V and AL-V) independently selected the titles and
abstracts, and disagreements regarding inclusion were settled through discussion. The full
texts of the selected articles were obtained and reviewed for inclusion.

4.4. Risk of Bias

This was assessed using an adapted version of the Cochrane RoB tool (Risk of Bias
Tool), with specific biases for animal studies (SYRCLE’s RoB, Systematic Review Centre for
Laboratory Animal Experimentation) [25].
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4.5. Quality of the Selected Articles

This was assessed using the modified ARRIVE guidelines (Animal Research: Re-
porting of In Vivo Experiments) with 23 items that were rated by the two mentioned
reviewers (NL-V, AL-V), with scores of 0 (not reported) or 1 (reported) [93]. (Table 4.
ARRIVE guidelines).

5. Conclusions

According to all the assessed preclinical studies, implants with antibacterial coat-
ings proved greater osseointegration than control surfaces; nevertheless, because of the
limitations of our review, it is difficult to conclude that such surfaces might have greater
osseointegration capacity, mainly because all the studies were biased in important method-
ological aspects. Therefore, the conclusions arrived at must be taken with relative caution.

The main approach in the development of any type of implant consists of minimizing
bacterial adhesion during the proliferation of osteogenic and fibroblastic cells, with the
purpose of achieving high levels of hard and soft tissue integration. This requires the
development of multifunctional surface coatings. Hence, future research should focus
on the design of a single type of multipurpose implant with improved clinical behavior
regarding bone and fibrous integration and which may, in turn, prevent infections of
implant surrounding tissues.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antibiotics10040360/s1, Table S1: PRISMA Checklist.
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61. Zhang, X.; Aliasghari, S.; Němcová, A.; Burnett, T.L.; Kuběna, I.; Šmíd, M.; Thompson, G.E.; Skeldon, P.; Withers, P.J. X-ray
Computed Tomographic Investigation of the Porosity and Morphology of Plasma Electrolytic Oxidation Coatings. ACS Appl.
Mater. Interfaces 2016, 8, 8801–8810. [CrossRef]

62. Yerokhin, A.; Parfenov, E.V.; Matthews, A. In situ impedance spectroscopy of the plasma electrolytic oxidation process for
deposition of Ca- and P-containing coatings on Ti. Surf. Coat. Technol. 2016, 301, 54–62. [CrossRef]

63. Geißler, S.; Tiainen, H.; Haugen, H.J. Effect of cathodic polarization on coating doxycycline on titanium surfaces. Mater. Sci. Eng.
2016, 63, 359–366. [CrossRef] [PubMed]

64. Kulkarni, A.; Aranya, S.; Pushalkar, M.; Zhao, R.Z.; LeGeros, Y.; Zhang, D. Saxena, Antibacterial and bioactive coatingson
titanium implant surfaces. J. Biomed. Mater. Res. 2017, 105, 2218–2227. [CrossRef]

65. Xing, R.; Witsø, I.L.; Jugowiec, D.; Tiainen, H.; Shabestari, M.; Lyngstadaas, S.P.; Lönn-Stensrud, J.; Haugen, H.J. Antibacterial
effect of doxycycline-coated dental abutment surfaces. Biomed. Mater. 2015, 10, 055003. [CrossRef]

66. Ding, L.; Zhang, P.; Wang, X.; Kasugai, S. A doxycycline-treated hydroxyapatite implant surface attenuates the progression of peri-
implantitis: A radiographic and histological study in mice. Clin. Implant. Dent. Relat. Res. 2019, 21, 154–159. [CrossRef] [PubMed]

67. Rahmati, M.; Lyngstadaas, S.P.; Reseland, J.E.; Andersbakken, I.; Haugland, H.S.; López-Peña, M.; Cantalapiedra, A.G.; Guzon
Muñoz, F.M.; Haugen, H.J. Coating doxycycline on titanium-based implants: Two in vivo studies. Bioact. Mater. 2020, 5,
787–797. [CrossRef]

68. Walter, M.S.; Frank, M.J.; Satué, M.; Monjo, M.; Rønold, H.J.; Lyngstadaas, S.P.; Haugen, H.J. Bioactive implant surface
with electrochemically bound doxycycline promotes bone formation markers in vitro and in vivo. Dent. Mater. 2014, 30,
200–214. [CrossRef]

69. Song, W.; Seta, J.; Chen, L.; Bergum, C.; Zhou, Z.; Kanneganti, P.; Kast, R.E.; Auner, G.W.; Shen, M.; Markel, D.C.; et al.
Doxycycline-loaded coaxial nanofiber coating of titanium implants enhances osseointegration and inhibits Staphylococcus aureus
infection. Biomed. Mater. 2017, 12, 045008. [CrossRef]

70. Nie, B.; Ao, H.; Zhou, J.; Tang, T.; Yue, B. Biofunctionalization of titanium with bacitracin immobilization shows potential for
anti-bacteria, osteogenesis and reduction of macrophage inflammation. Colloids Surf. B Biointerfaces 2016, 145, 728–739. [CrossRef]

71. Shahi, R.G.; Albuquerque, M.T.; Münchow, E.A.; Blanchard, S.B.; Gregory, R.L.; Bottino, M.C. Novel bioactive tetracycline-
containing electrospun polymer fibers as a potential antibacterial dental implant coating. Odontology 2017, 105, 354–363.
[CrossRef] [PubMed]

72. Friedlaender, G.E.; Perry, C.R.; Cole, J.D.; Cook, S.D.; Cierny, G.; Muschler, G.F.; Zych, G.A.; Calhoun, J.H.; LaForte, A.J.; Yin,
S. Osteogenic protein-1 (bone morphogenetic protein-7) in the treatment of tibial nonunions. J. Bone Joint Surg. Am. 2001, 83,
S151–S158. [CrossRef] [PubMed]

73. Tsuji, K.; Bandyopadhyay, A.; Harfe, B.D.; Cox, K.; Kakar, S.; Gerstenfeld, L.; Einhorn, T.; Tabin, C.J.; Rosen, V. BMP2 activity,
although dispensable for bone formation, is required for the initiation of fracture healing. Nat. Genet. 2006, 38, 1424–1429.
[CrossRef] [PubMed]

74. Cohen, A.; Polak, D.; Nir-Paz, R.; Westreich, N.; Casap, N. Indirect Bactericidal Properties of Recombinant Human Bone
Morphogenetic Protein 2 In Vitro. J. Oral Maxillofac. Surg. 2019, 77, 1611–1616. [CrossRef]

75. Lavery, K.; Hawley, S.; Swain, P.; Rooney, R.; Falb, D.; Alaoui-Ismaili, M.H. New insights into BMP-7 mediated osteoblastic
differentiation of primary human mesenchymal stem cells. Bone 2009, 45, 27–41. [CrossRef]

76. Aluganti Narasimhulu, C.; Singla, D.K. The Role of Bone Morphogenetic Protein 7 (BMP-7) in Inflammation in Heart Diseases.
Cells 2020, 9, 280. [CrossRef]

77. Yeh, C.H.; Chang, C.K.; Cheng, M.F.; Lin, H.J.; Cheng, J.T. The antioxidative effect of bone morphogenetic protein-7 against high
glucose-induced oxidative stress in mesangial cells. Biochem. Biophys. Res. Commun. 2009, 382, 292–297. [CrossRef]

78. Lekholm, U.; Zarb, G.A. Patient selection and preparation. In Tissue-Integrated Prostheses Osseointegration in Clinical Dentistry;
Branemark, P.I., Zarb, G.A., Albreksson, T., Eds.; Quintessence: Chicago, IL, USA, 1985; pp. 199–209.

79. Chen, X.; Schmidt, A.H.; Tsukayama, D.T.; Bourgeault, C.A.; Lew, W.D. Recombinant human osteogenic protein-1 induces bone
formation in a chronically infected, internally stabilized segmental defect in the rat femur. J. Bone Joint Surg. Am. 2006, 88,
1510–1523. [CrossRef]

http://doi.org/10.1002/jbm.a.32118
http://doi.org/10.1038/s41598-019-40488-8
http://doi.org/10.1016/j.actbio.2019.05.020
http://doi.org/10.1016/j.surfcoat.2021.126847
http://doi.org/10.1021/acsami.6b00274
http://doi.org/10.1016/j.surfcoat.2016.02.035
http://doi.org/10.1016/j.msec.2016.03.012
http://www.ncbi.nlm.nih.gov/pubmed/27040230
http://doi.org/10.1002/jbm.a.36081
http://doi.org/10.1088/1748-6041/10/5/055003
http://doi.org/10.1111/cid.12695
http://www.ncbi.nlm.nih.gov/pubmed/30444054
http://doi.org/10.1016/j.bioactmat.2020.05.007
http://doi.org/10.1016/j.dental.2013.11.006
http://doi.org/10.1088/1748-605X/aa6a26
http://doi.org/10.1016/j.colsurfb.2016.05.089
http://doi.org/10.1007/s10266-016-0268-z
http://www.ncbi.nlm.nih.gov/pubmed/27585669
http://doi.org/10.2106/00004623-200100002-00010
http://www.ncbi.nlm.nih.gov/pubmed/11314793
http://doi.org/10.1038/ng1916
http://www.ncbi.nlm.nih.gov/pubmed/17099713
http://doi.org/10.1016/j.joms.2019.02.039
http://doi.org/10.1016/j.bone.2009.03.656
http://doi.org/10.3390/cells9020280
http://doi.org/10.1016/j.bbrc.2009.03.011
http://doi.org/10.2106/00004623-200607000-00012


Antibiotics 2021, 10, 360 16 of 16

80. Chen, X.; Schmidt, A.H.; Mahjouri, S.; Polly, D.W., Jr.; Lew, W.D. Union of a chronically infected internally stabilized segmental
defect in the rat femur after debridement and application of rhBMP-2 and systemic antibiotic. J. Orthop. Trauma 2007, 21,
693–700. [CrossRef]

81. Ji, Y.; Xu, G.P.; Zhang, Z.P.; Xia, J.J.; Yan, J.L.; Pan, S.H. BMP-2/PLGA delayed-release microspheres composite graft, selection of
bone particulate diameters, and prevention of aseptic inflammation for bone tissue engineering. Ann. Biomed. Eng. 2010, 38,
632–639. [CrossRef]

82. Helbig, L.; Omlor, G.W.; Ivanova, A.; Guehring, T.; Sonntag, R.; Kretzer, J.P.; Minkwitz, S.; Wildemann, B.; Schmidmaier, G.
Bone morphogenetic proteins-7 and -2 in the treatment of delayed osseous union secondary to bacterial osteitis in a rat model.
BMC Musculoskelet. Disord. 2018, 19, 261. [CrossRef]

83. Hall, J.; Sorensen, R.G.; Wozney, J.M.; Wikesjö, U.M.E. Bone formation at rhBMP-2 coated titanium implants in the rat ectopic
model. J. Clin. Perio-Dontol. 2007, 34, 444–451. [CrossRef]

84. White, A.P.; Vaccaro, A.R.; Hall, J.A.; Whang, P.G.; Friel, B.C.; McKee, M.D. Clinical applications of BMP-7/OP-1 in fractures,
nonunions and spinal fusion. Int. Orthop. 2007, 31, 735–741. [CrossRef] [PubMed]

85. Garrison, K.R.; Donell, S.; Ryder, J.; Shemilt, I.; Mugford, M.; Harvey, I.; Song, F. Clinical effectiveness and cost-effectiveness of
bone morphogenetic proteins in the non- healing of fractures and spinal fusion: A systematic review. Health Technol. Assess. 2007,
11, 1–150. [CrossRef] [PubMed]

86. Rocher, C.; Singla, D.K. SMAD-PI3K-Akt-mTOR pathway mediates BMP-7 polarization of monocytes into M2 macrophages.
PLoS ONE 2013, 8, e84009. [CrossRef]

87. Shoulders, H.; Garner, K.H.; Singla, D.K. Macrophage depletion by clodronate attenuates bone morphogenetic protein-7 induced
M2 macrophage differentiation and improved systolic blood velocity in atherosclerosis. Transl. Res. 2019, 203, 1–14. [CrossRef]

88. Davison, N.L.; Gamblin, A.; Layrolle, P.; Yuan, H.; de Bruijn, J.D.; Barrère-de Groot, F. Liposomal clodronate inhibition of
osteoclastogenesis and osteoinduction by submicrostructured beta-tricalcium phosphate. Biomaterials 2014, 35, 5088–5097.
[CrossRef] [PubMed]

89. Lee, D.W.; Yun, Y.P.; Park, K.; Kim, S.E. Gentamicin and bone morphogenic protein-2 (BMP-2)-delivering heparinized-titanium
implant with enhanced antibacterial activity and osteointegration. Bone 2012, 50, 974–982. [CrossRef]

90. Kim, S.E.; Song, S.H.; Yun, Y.P.; Choi, B.J.; Kwon, I.K.; Bae, M.S.; Moon, H.J.; Kwon, Y.D. The effect of immobilization of heparin
and bone morphogenic protein-2 (BMP-2) to titanium surfaces on inflammation and osteoblast function. Biomaterials. 2011, 32,
366–373. [CrossRef] [PubMed]

91. Tao, B.; Deng, Y.; Song, L.; Ma, W.; Qian, Y.; Lin, C.; Yuan, Z.; Lu, L.; Chen, M.; Yang, X.; et al. BMP2-loaded titania
nanotubes coating with pH-responsive multilayers for bacterial infections inhibition and osteogenic activity improvement.
Colloids Surf. B Biointerfaces 2019, 177, 242–252. [CrossRef]

92. Hutton, B.; Ferrán Catalá-López, F.; Moher, D. The PRISMA statement extension for systematic reviews incorporating network
meta-analysis: PRISMA-NMA. Med. Clin. 2016, 16, 262–266. [CrossRef] [PubMed]

93. Percie du Sert, N.; Hurst, V.; Ahluwalia, A.; Alam, S.; Avey, M.T.; Baker, M.; Browne, W.J.; Clark, A.; Cuthill, I.C.; Dirnagl, U.; et al.
The ARRIVE guidelines 2.0: Updated guidelines for reporting animal research. Br. J. Pharmacol. 2020, 177, 3617–3624. [CrossRef]

http://doi.org/10.1097/BOT.0b013e31815a7e91
http://doi.org/10.1007/s10439-009-9888-6
http://doi.org/10.1186/s12891-018-2203-7
http://doi.org/10.1111/j.1600-051X.2007.01064.x
http://doi.org/10.1007/s00264-007-0422-x
http://www.ncbi.nlm.nih.gov/pubmed/17962946
http://doi.org/10.3310/hta11300
http://www.ncbi.nlm.nih.gov/pubmed/17669279
http://doi.org/10.1371/journal.pone.0084009
http://doi.org/10.1016/j.trsl.2018.07.006
http://doi.org/10.1016/j.biomaterials.2014.03.013
http://www.ncbi.nlm.nih.gov/pubmed/24698521
http://doi.org/10.1016/j.bone.2012.01.007
http://doi.org/10.1016/j.biomaterials.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/20880582
http://doi.org/10.1016/j.colsurfb.2019.02.014
http://doi.org/10.1016/j.medcli.2016.02.025
http://www.ncbi.nlm.nih.gov/pubmed/27040178
http://doi.org/10.1111/bph.15193

	Introduction 
	Results 
	Search Results and Study Description 
	Description of the Characteristics of the Studies 
	Risk of Bias and Quality Assessment of the Studies Included 

	Discussion 
	Materials and Methods 
	Protocol and Register 
	Selection Criteria, Information Sources and Search 
	Data Extraction and Analysis 
	Risk of Bias 
	Quality of the Selected Articles 

	Conclusions 
	References

