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Abstract: Few studies have been able to elucidate the correlation of factors determining the strength
of interaction between bacterial cells and substrate at the molecular level. The aim was to answer
the following question: What biophysical factors should be considered when analyzing the bacte-
rial adhesion strength on titanium surfaces and its alloys for implants quantified by atomic force
microscopy? This review followed PRISMA. The search strategy was applied in four databases. The
selection process was carried out in two stages. The risk of bias was analyzed. One thousand four
hundred sixty-three articles were found. After removing the duplicates, 1126 were screened by title
and abstract, of which 57 were selected for full reading and 5 were included; 3 had a low risk of
bias and 2 moderated risks of bias. (1) The current literature shows the preference of bacteria to
adhere to surfaces of the same hydrophilicity. However, this fact was contradicted by this systematic
review, which demonstrated that hydrophobic bacteria developed hydrogen bonds and adhered
to hydrophilic surfaces; (2) the application of surface treatments that induce the reduction of areas
favorable for bacterial adhesion interfere more in the formation of biofilm than surface roughness; and
(3) bacterial colonization should be evaluated in time-dependent studies as they develop adaptation
mechanisms, related to time, which are obscure in this review.
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1. Introduction

Peri-implant infection is the leading cause of the failure of implant-supported biomed-
ical rehabilitation using titanium and its alloys [1-10]. Therefore, studies aim to understand
the biophysical phenomena involved from the first moment of electrostatic interaction
between the bacteria and the surface of the biomaterial to its adhesion and colonization
mechanisms for the development of effective strategies that suppress the occurrence of
infections [1,11-13]. In this way, understanding the biomolecular level is a promising
antibiofilm regulation strategy, as it aims to unravel the bacterial adaptation mechanisms
on the surface to prevent their development, unlike most existing surface treatments that
focus on eradicating them [1,11-13].

Bacterial adhesion to the surface occurs in two stages, the first is permeated by nonspe-
cific long-range forces, such as van der Waals and electrostatic, that dictate their attraction
or repulsion [1,14-20]. The second is mediated by the specific forces of short-range bac-
terial receptors, pili, and capsules on the surface in an irreversible way, making bacterial
detachment only possible with the interposition of mechanical or chemical action [1,14-20].

Biofilms are formed and matured on titanium surfaces due to the physicochem-
ical conditions of the implant surface, chemical composition, topography, roughness,
and wettability, which influence blood plasma protein adhesion, mediating bacterial
adhesion [10,20-22]. After the adsorption of proteins on the substrate, primary bacte-
rial colonization occurs through the recognition of protein receptors on the substrate,
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which select certain species, such as Streptococcus oralis and Actinomyces naeslundii, both
Gram-positive, facultative anaerobes [21,23,24].

After primary colonization, the decrease in oxygen concentration favors the incorpora-
tion of secondary colonizers such as Veillonella parvula and Fusobacterium nucleatum [21,23,25].
This way, the coaggregation process occurs, where each bacterial strain aggregates with
a specific bacterial set and promotes the coaggregation of late colonizers, such as Porphy-
romonas gingivalis obligate anaerobe of slow colonization [21,23,26]. The three-dimensional
bacterial organization in a matrix consisting of polysaccharides, proteins, nucleic acids,
and lipids determines the formation of the biofilm. It is noteworthy that after biofilm
formation, bacterial resistance to the body’s defense mechanisms and antibiotic therapies is
superior [15,17,20].

While studies demonstrate that the rough surface presents higher bacterial adhesion,
as it provides a greater surface area [27-30], other studies report no correlation between
roughness and bacterial retention capacity [31-34]. Ludecke et al., 2016 [35], demonstrated
that the increase in roughness at a nanometric scale decreased the number of adhesion
points and the consequent surface area, unlike the micro and macrometric scales, in which
increased roughness provides a greater contact area.

The results present in the literature are also inconclusive and contradictory for wet-
tability [30]. According to the review of Gittens et al., 2014 [36], bacteria prefer surfaces
with the same hydrophilicity. Still, others report that surface hydrophobicity reduces bacte-
rial velocity, promoting adhesion [30,37,38], while others report that water on the surface
promotes hydrogen bonds with the bacteria because of its 70% water content [1,14,34].

The evaluation of bacterial adhesion strength on surfaces, in accord with the review
by Alam et al., 2019 [39], can be evaluated by quantitative techniques, which measure
the magnitude of bacterial adhesion force on the surface, as well as qualitatively when
assessing the percentage of bacterial cells adhered to a surface. Among these methods,
centrifugation, plate-and-wash technique, reflectance interference contrast microscopy,
spinning disc assay, and buoyancy force technique are considered qualitative, and step
pressure technique, nanoindentation, cyto detacher, optical tweezers, and atomic force
microscopy (AFM) are considered quantitative [39].

According to the review by Alam et al., 2019 [39], atomic force microscopy is the most
effective and suitable technique for studying cell-biomaterial interaction because it is able
to measure the adhesion force of cells and biological molecules at the atomic level with
high sensitivity (pN) on a three-dimensional nanometer scale [20,39-42]. The technique
consists of a silicon or diamond nanometer tip that sweeps in constant contact, intermittent
contact, or non-contact the sample surface in dimensions x, y, and z through a piezoelectric
device [15,40,43—45].

The analysis of bacterial adhesion strength on the substrate is performed in two
steps, the first is the preparation of the bacterial probe by immersing the tip in a solu-
tion of poly-l-lysine (PLL), polydopamine, polyethyleneimine, or glutaraldehyde so that
the bacteria remain immobilized in the tip during the next step, which is the recording
of the force—distance curve (F-D) [1,11,14,15,39]. The mechanism of this analysis con-
sists of the following: (I) the approximation of the tip in the sample where the bacteria
is, (II) the immobilization of the bacteria in the tip, and (III) the retraction of the tip of
0-10 s to record the F-D curvature that determines the force (10 pN to 1 pN) and adhe-
sion energy [20,39,40,46,47]. The tip, after analysis, is stained with a fluorescent dye, and
fluorescence microscopy is used to observe whether the bacteria is alive [39].

This systematic review aimed to evaluate the existing literature to answer the ques-
tion “What biophysical factors should be considered when analyzing the bacterial ad-
hesion strength on titanium surfaces and its alloys for implants quantified by atomic
force microscopy?”

Because the bacterial adhesion force on titanium surfaces influences their survival
on the substrate and directly interferes with the bacterial colonization process for the
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development of the biofilm; however, few studies aim to understand bacterial cell-substrate
interaction at the molecular level.

2. Results
2.1. Result of the Selection Process

After the application of the personalized search strategy “(titanium OR “titanium
alloy” OR “Ti alloy” OR “dental implant” OR implant) AND (“atomic force microscopy” OR
“AFM” OR “atomic force spectroscopy” OR “simply force spectroscopy”) AND (“bacterial
adhesion” OR “bacterial attachment”)” in the Embase, PubMed, Scopus, and Science Direct
databases, 1263 articles were found.

After removing duplicates, 1126 articles were screened according to the title and
abstract, of which 57 were chosen for full reading. Of these, five met the eligibility criteria
(Table 1), all experimental in vitro studies that evaluated the adhesion strength of bacteria to
titanium surfaces using atomic force microscopy and were thus included in the systematic
review, so fifty-two were excluded (Table S1). The article selection process is shown
in Figure 1.

Table 1. Included articles.

Author, Year Title

Nanoadhesion of Staphylococcus aureus onto

Aguayo etal., 2015 [1] Titanium Implant Surfaces

Probing the nanoadhesion of Streptococcus
Aguayo et al., 2016 [14] sanguinis to titanium implant surfaces by
atomic force microscopy

Adhesion force of Staphylococcus aureus on

Alam and Balani 2017 [15] various biomaterial surfaces

Adhesion and friction forces in biofouling
An et al., 2017 [48] attachments to nanotubeand PEG-patterned
TiO, surfaces

Antibacterial Performance of Zr-BMG,
Du et al., 2022 [49] Stainless Steel, and Titanium Alloy with
Laser-Induced Periodic Surface Structures
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Figure 1. Flow diagram of the literature search and selection criteria.

2.2. Qualitative Assessment of the Studies

Aguayo et al., 2015 [1], and Aguayo et al., 2016 [14], demonstrated that the adhesion
strength of S. aureus [1] and S. sanguinis [14] on slightly hydrophilic Ti of average roughness
(Ra) (<1 um) increases with time, in addition to the hydrophilicity favoring the formation
of hydrogen bonds in the bacterium on the substrate.

Anetal., 2017 [48], and Du et al., 2022 [49], demonstrated that treatment with poly(ethylene
glycol) (PEG) [48] and laser-induced periodic surface structure (LIPSS) [49] increased the rough-
ness and hydrophilicity of the Ti substrate [48,49], Zr43.3Cu27.8Ni15.2A19.1Ti4.6 (Zr-BMG) [49],
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stainless steel (316L) [49], and titanium alloy (TC4) [49] and consequently reduced the bacte-
rial adhesion strength of S. aureus [48,49] and E. coli [49]. As Alam and Balani, 2017 [15],
demonstrated, the greater the roughness and hydrophilicity of the Ti-6Al-4V substrate, the
greater the adhesion strength of S. aureus.

2.3. Risk of Bias

The risk of bias in the studies was analyzed as previously performed by Sarkis-
Onofre et al., 2014 [50], according to the description of essential parameters to be explored:
clarity in the materials section; clarity in the methodology section; roughness, wettability,
and bacterial adhesion strength evaluated by a reliable method; sufficient detail to allow
replication; and clarity in the results.

The studies by Aguayo et al., 2015 [1], Aguayo et al., 2016 [14], and Alam and
Balani, 2017 [15], showed a low risk of bias. The research by An et al., 2017 [48], and
Du et al., 2022 [49], displayed a moderate risk of bias.

In the studies by An et al., 2017 [48], and Du et al., 2022 [49], the risk of bias was
increased in terms of methodology clarity, as they did not specify the time taken to evaluate
the maximum strength of bacterial adhesion to the substrate.

The studies by Alam and Balani, 2017 [15], An et al., 2017 [48], and Du et al., 2022 [49],
showed an increased risk of bias for the clarity parameter in the results because they did
not state at which point the maximum force of bacterial adhesion to the substrate occurred.
In addition, the study by Du et al., 2022 [49], did not show clarity in the results as it did not
report the roughness value of all evaluated groups (Figures S1 and S2).

2.4. Meta-Analysis
A statistical analysis was not performed due to the heterogeneity of the substrates, sur-

face treatments, methods of evaluating roughness and wettability, and bacteria expressed
in Table 2.
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Table 2. Characteristics of the included studies.

Bacterial Adhesion

Author, Year Population Asse;'\s]frtlteanbti}\i/}z,tho d Wettability Results Roughnﬁztﬁzaessment Roughness Results Bacteria Strength by Conclusion
AFM Result
The binding strength of S. aureus on
Ti increases with time. The slightly
Optical contact angle - hydrophilic surface favored the
Aguayoetal, Ti meter (CAM 200, KSV 67045 Profilometry (Proscan Ra — 0s =027+ 030 nN formation of hydrogen bonds
2015 [1] Sample= Ti Instruments, Biolin : Sc;mcerset OUK) v 0.61 um : 60s=—-9.15+ 0.78 nN between the bacterium and the
Scientific, MD, USA) ’ substrate. The roughness
characterizes the surface as smooth
Ra<1 pum.
C tional The binding strength of S. sanguinis
Optical contact angle profilg;‘g(;:?yl(()lgll‘?)scan on Ti increases with time. The
lightly hydrophili face that
Aguayo et al Ti meter (KSV 1000, Scantron, CP=0 61Ri 0.01 pm Us=03240.00nN fasvlogred};hey f;:rﬁa;igcnsgg hacgro aen
g201}(/> 14 v Sample = Ti Instruments, CAM 67.0° + 5.0° Somerset, UK) and - nd K S. sanguinis 1s=1.07 £ 0.06 n. - hydrog
[14] ample = 200, AFM profilometry @ 60s = 4.85 + 0.56 nN bonds between the bacterium and the
Monroe, CT, USA) (Gwyddion 2.31 software AFM =017 4 0.02 pm substrate. The roughness
T 1= 9256 x 256 pixel scans), characterize; ’;h<e i‘,u;ice as smooth
0al0s
Maximum adhesion
. ) Ra strength = : : ;
G1 =Ti-6Al-4V; contact angle Ti-6Al-4V = 68.8 £ 5.6 . - > Adhesion strength increased with
Alam and G2 = UHMWPE; goniometer UHMWPE =819 +2.3 AiM })y N ?]1; osliope rgﬁﬁl\}ég]g__zgg nm S. aureus B??iﬁ%? time; the greater the roughness and
Balani 2017 [15] G3 =SS; (Dataphysics Contact S5=487+19 nalysis 1% €0 S5 = 219 nm nm ' UHMWPE = wettability, the greater the
G4 =HA. Angle System OCA) HA=949+12 version 1.40) HA = 229 nm 210 + 0.65 adhesion force.
SS=15.21 4+ 141
HA =7.66 + 0.67
Maximum adhesion
strength = =
Ti DT =172.6 £ 6.12nN; iti i
o RMS ; The addition of PEG increased the
CG;rloustT:- 1PI;IF2T) 967% 1%690’ DT = 1.06 nm; TN20 =_[?'131~goi 6.1 nN; hydrophilicity and roughness.
oA, Contact angles by a = e . . TN20 = 19.0 nm; o However, it decreased bacterial
An et /al., G2 _ TN20’, DSAlgOO Y TIN8O - 19.5 & O'7of AFM (AFM, Dimension TN8O0 = 29.2 nm; S. aureus 324 + 1'82 nN; adhesion and adhesion strength. It is
2017 [48] G3 =TN8O; (Kruss, Germany) DT-P = 68.8 + 1.5°; Icon, Bruker, USA) DT-P = 5.13 nm. DT-P = noteworthy that the presence of
G4 =DT-P; ’ Y TN20-P, 152 £ 0.1°; TN20-P = 28 1 nrm: 149.3 £+ 6.22 nN; Y p
G5 = TN20-P; TN8O-P, 21.2 + 0.6°. - =26.1 nm; TN20-P = nanotubes decreased the surface area
G6 = TN8O-P. TN80-P =41.2 nm. 725 + 3.43 nN; and increased the hydrophilicity.
TN80-P =

26.4 &= 3.75 nN.
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Table 2. Cont.

Bacterial Adhesion

. Wettability s Roughness . :
Author, Year Population Assessment Method Wettability Results Assessment Method Roughness Results Bacteria igﬁl%{t:sgl}; Conclusion
E. coli
Zr-BMG =4.47 +0.73
nN;
316L =4.37 + 0.73 nN;
TC4 =
4.87 + 0.63 nN;
Zr-BMG-LIPSS =
2.51 £ 0.59 nN;
o. Ra N
Zr-BMG =73.6 + 057. ; Zr-BMG = NS; 316L-LIPSS = 4
G1 = Zr-BMG: 316L =729 £ 0.5°%; 316L = NS; 2.61 + 0.79 nN;
LS ZBMG; TC4 = 643 + 0.7° TC4 = NS; TC4-LIPSS = . The LIIPSciShtrgatment redﬁed the )
= ; _ _ - = ; t t t! .
Duetal, G3 = TC4; Contact angle ZrBMGLIPSS =283 ApM (Bruker fast Zr-BMG-LIPSS = E. coli and 247 £0.73nN. acteriatadhesion strength for &. coft
oniometer 4 S. aureus and S. aureus in all samples and
2022 [49] G4 = ZrBMG-LIPSS; & S5 252 4 scan) 68.3 + 9.1 nm; S. aureus. Ryl e P
G5 = 316L-LIPSS; (OSA-200) 316L-LIP. > = 25.2 316L-LIPSS = T- = increased the roughness and
G6 = TC4-LIPSS 0.9% 54.7 + 7.3 nm: 4.05 £ 0.45 nN; wettability of the samples.
) TC4-LIPSS = 20.6 + TC4LIPSS = 316L =
1.1°. 118 + 10.6 nm 3.98 £ 0.62 nN;
) ’ TC4 =

4.74 + 0.56 nN;
Zr-BMG-LIPSS =
0.88 £ 0.52 nN;
316L-LIPSS =
0.93 £+ 0.47 nN;
TC4-LIPSS =
1.06 + 0.44 nN.

316L, stainless steel; AFM, atomic force microscopy; CP, conventional profilometry; DT, the dense TiO, substrate; DT-P, PEG onto DT; HA, hydroxyapatite; LIPSS, a laser-induced
periodic surface structure; NS, not specified; PEG, poly(ethylene glycol); RMS, root mean square; S, seconds; SS, stainless steel; TC4, titanium alloy; TN20, nanotubular TiO, surface
with pore size of 20 nm; TN20-P, PEG onto TN20; TN80, nanotubular TiO, nanotubes of about 80 nm; TN80-P, PEG onto TN80; UHMWPE, ultra-high molecular weight poly ethylene;

Zr-BMG, Zr43.3Cu27.8Nil15.2A19.1Ti4.6.
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3. Discussion

The leading cause of the failure of implant-supported rehabilitation is peri-implant
infection, and this remains the main reason for patient dissatisfaction with treatment costs
needed to contain the infection [1-10]. The strategies for using systemic antibiotics and
antimicrobial surface treatments in implants through ions, such as silver (Ag), copper (Cu),
and zinc (Zn), or polymers from the slow release of antibiotics, which still have limitations,
such as bacterial resistance, rapid drug release, and even toxicity [3-9,51-56]. Therefore,
the search to understand the factors that determine bacterial adhesion to implant surfaces
is configured as the way to determine strategies to prevent such contamination and thus
increase the survival of implant-supported rehabilitation.

Bacterial adhesion to the implant depends on (1) the physicochemical properties of
the material, roughness, wettability, and chemical composition; (2) the intrinsic properties
of bacteria, such as their appendages, electrical charge, and hydrophilicity; and (3) the
properties of the environment, temperature, pH, antibiotic type, exposure period, and
bacterial concentration [57]. Despite the literature [1,10,14-20,36,57] reporting that the
physicochemical properties of the surface influence bacterial adhesion, the mechanisms
that regulate this adhesion are still uncertain and contradictory. Therefore, this systematic
review aimed to evaluate the five [1,14,15,48,49] in vitro articles critically included, investi-
gating the kinetics of bacterial adhesion as a function of wettability and roughness and by
quantifying the strength of adhesion by the atomic force microscopy method.

Ti implants and their alloys are the most used metallic materials for biomedical applica-
tions, with high success rates above 92%; however, despite their excellent biocompatibility,
corrosion resistance, and mechanical performance, their surface does not have intrinsic
antimicrobial properties and is thus susceptible to constant microbial challenge [21,58]. As
bacterial adhesion and pathogenic biofilm development are etiological factors of mucositis
and peri-implantitis, researchers try to prevent and eradicate this bacterial colonization
through surface treatments on Ti and its alloys. However, most of these aim to prevent
this colonization with antimicrobial nanomaterials which can cause cytotoxic reactions and
bacterial resistance [21,58].

Thus, this systematic review aimed to evaluate the quantification of bacterial adhesion
through atomic force microscopy because this is the most efficient technique for studying
cell-biomaterial interactions for results at the atomic level [39], which allows a more
realistic correlation of how the physical properties, i.e., roughness and wettability, interfere
with bacterial adhesion for the development of anti-biofilm surfaces that regulate these
properties without the need for antimicrobial agents. The evaluated substrates were
Ti[1,14,48] and Ti-6Al-4V [15,49]. When correlating the bacterial adhesion strength with
the physical properties, roughness and wettability can infer that the results were discrepant
from the literature in terms of these properties.

When analyzing roughness, surfaces with greater roughness [48,49] did not promote
the most bacterial adhesion, as inferred in the literature [27-30,59,60], which suggests that
the morphology of peaks and valleys predictive of roughness interferes more than the
raw roughness value by reducing areas favorable to adhesion. While for wettability, the
adaptive capacity of bacteria allows them to develop mechanisms such as hydrogen bonds
to adhere to hydrophilic surfaces even if they are hydrophobic [1,14].

3.1. Wettability

Surface wettability influences bacterial adhesion and consequent biofilm formation.
Nonetheless, the system is complex and depends on the bacterial species and strain in
question and its compositional characteristics, e.g., the surface topography to be evaluated,
and the environment [36,57,58]. The surfaces can be classified according to the contact angle
of the liquid, with the surface considered as superhydrophilic < 5°, hydrophilic < 90°,
hydrophobic > 90°, and superhydrophobic > 150° [36,61-63].

Gittens et al., 2014 [36], in their review on the influence of the wettability of dental
implants on biological activities, generally inferred that hydrophilic bacterial strains adhere
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more to hydrophilic surfaces, while hydrophobic ones adhere more to hydrophobic surfaces.
The bacterial preference for surfaces of the same hydrophilicity was not observed in the
study by Alam and Balani, 2017 [15], in which the bacteria S. aureus, considered hydropho-
bic [10,36], showed the highest adhesion force in the most hydrophilic sample. The same
fact has been observed in the studies by Aguayo et al., 2015 [1], and Aguayo et al., 2016 [14],
where the hydrophobic bacteria S. aureus [1,10,36] and S. sanguinis [10,14,36,61,64] showed
higher adhesion strength over time on slightly hydrophilic titanium surfaces. According
to the authors, this is due to the bacteria forming unspecific bonds with the surface and
hydrogen bonds.

Thus, the present review can infer that despite the literature reporting the bacterial
preference for surfaces of the same hydrophilicity, bacteria can develop survival mecha-
nisms such as hydrogen bonds, as hydrophobic bacteria adhere to hydrophilic surfaces.
This fact is justified by the bacterial constitution of 70% in water, enabling nonspecific
bonding and hydrogen bonding with a hydrophilic surface [1,14,65].

3.2. Roughness

Regarding the surface roughness, its measurement can be given through the value of
Ra, the general average in micrometers of the topography in the two-dimensional vertical
direction, obtained through laser profilometry, but it does not differentiate linear and
circular features, such as scratches and holes, as these are generally nanometric [14,59,62].
In this context, the AFM presents a greater definition for the three-dimensional nanometric
analysis as the most representative roughness scale to which bacteria are exposed [14,63,66].
It should be noted that for the biological area, the Ra parameter is the most used [14,63,66].

According to the literature, surfaces with Ra below 0.2 um do not promote bacterial
adhesion, as the bacterial cell wall cannot detect the topographies of smaller dimensions
than the bacteria. In contrast, surfaces with Ra above 150um are the maximum limit and
provide statistical differences in bacterial adhesion (Figure 2) [18,60,67,68]. The bacterial
preference for sites that maximize the adhesion area, such as irregularities, grooves, and
crevices, produced during surface fabrication, square corners, and convex walls, has been
highlighted [57,69,70].

o

Ra < 0.2um Ra > 0.2um

Figure 2. Schematic representation of the influence of the Ra roughness parameter on
bacterial adhesion.

According to the review by Yang et al., 2022 [30], bacterial adhesion on smooth surfaces
depends on the material’s physical-chemical properties, while nanometric surfaces are anti-
adhesive and micrometric surfaces favor adhesion. Despite the literature [27-30,59,60] re-
porting that bacteria prefer to adhere to rougher surfaces, the studies by An et al., 2017 [48],
and Du et al., 2022 [49], disagree. According to Ge et al., 2019 [71], the increase in roughness
reduced bacterial adhesion strength, possibly due to the surface treatment potentiostat
anodization of titanium for nanotube formation [48] or lasers [49], which limit the contact
area available for bacterial adhesion. In the study by An et al., 2017 [48], potentiostat
anodization surface treatment by inducing an increase in the size of the nanotubes formed
on the surface reduces the available contact area for bacteria to adhere to the surface. Con-
sequently, it weakens the bacteria’s biofouling interactions (adhesion and friction) on the
surface. The laser treatment of Du et al., 2022 [49], decreased the contact area available for
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bacterial adhesion by increasing peak height and decreasing the distance between valleys,
thus affecting adhesion and restricting bacterial cell motility.

It should be noted that for clinical conditions, rough implants obtained by additive
manufacturing have become advantageous as they allow a greater diffusion of biologi-
cal fluids and nutrients between their pores, which favors adhesion, proliferation, and
osteoblastic maturation and optimizes mechanical function by enabling the production of
implants with an elastic modulus closer to that of bone tissue [72-74].

Unlike the selection of the implant body, the roughness of the transgingival portion of
the implant is the subject of questioning. At the same time, some authors prefer smooth
transgingival surfaces because they believe that they reduce bacterial adhesion and the
consequent risk of peri-implant inflammation [75-77], while other authors believe that
a rough surface promotes more excellent epithelial adhesion on the abutment, which
induces greater protection against the bacterial invasion, which reduces the chances of
peri-implantitis [78-82]. It should be noted that the lack of consensus in the literature
regarding the selection of the abutment motivates the development of controlled clinical
studies with a long follow-up period for a better inference of the causality between the
roughness of the abutment and peri-implantitis.

3.3. Survival Mechanism

The physical-chemical properties, namely roughness and wettability, influence bac-
terial adhesion in the first contact phase [1,14,15,48,49]. Because it acts as a predisposing
factor to bacterial adhesion, roughness, depending on the morphology of peaks and valleys,
allows an increase in the area favorable to adhesion, and wettability acts through the
hydrophilic affinity mechanism so that the hydrophilic surfaces of the bacteria can more
easily adhere [1,14,15,48,49].

However, another critical parameter to consider is the AFM analysis time evaluated in
the studies by Aguayo et al., 2015 [1], Aguayo et al., 2016 [14], and Alam and Balani, 2017 [15].
As the contact time of the bacteria on the surface increases, the resulting force of ad-
hesion increases, regulated by the specific and nonspecific forces of the bacteria on the
substrate, which favors the proliferation of bacterial colonies and consequent territorial
expansion [1,14,15]. In addition, temporal analysis allows researchers to identify bacte-
rial adaptation mechanisms and possible lethal interactions [1,14,15]. In accordance with
Liidecke et al., 2016 [35], who demonstrated the importance of evaluating bacterial adhesion
in time-dependent studies because although the estimated surface was considered anti-
adhesive because it was nanometric, there was indeed the formation of bacterial colonies of
S. aureus as time passed.

The development of antibacterial surfaces through the observation of the biofouling,
adhesion, and friction interactions of bacteria in the five [1,14,15,48,49] studies included
in this systematic review provided an answer to the question “What biophysical factors
should be considered when analyzing the bacterial adhesion strength on titanium surfaces
and its alloys for implants quantified by atomic force microscopy?” and infers that the
variation of wettability and roughness interfere at first in adhesion strength quantified by
atomic force microscopy; however, bacteria develop time-dependent survival mechanisms,
as Kreve and Reis, 2021 [20], elucidated. Hence, the development of antifouling surfaces
that inhibit the physiological pathways of bacterial adaptation is a strategy that will allow
the prevention of peri-implantitis.

According to this review, the development of adaptation mechanisms for the survival
of bacteria on titanium surfaces for dental implants is primarily responsible for the con-
flicting results regarding wettability and the bacterial preference for surfaces of the same
hydrophilicity and roughness. The main limitation of this systematic review is the lack
of understanding of the adaptation mechanisms developed by bacteria to adapt to the
substrates. Still, it is justified that these biomolecular mechanisms were obscure because
they were not the focus of the present review.
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In this systematic review, the physical properties, roughness, and wettability were
correlated with the bacterial adhesion strength on Ti substrates for biomedical applications.
In addition to these, the authors of this systematic review would like to highlight the
importance of also considering the electrostatic condition of the surface, which significantly
influences bacterial adhesion and may be a plausible justification for the discrepant results
regarding roughness and wettability found in this study, as demonstrated by the review by
Kreve and Reis, 2021 [10]. Therefore, the surface properties, electrical potential, chemical
composition, wettability, and roughness interact synergistically with the bacterial strain.

3.4. Clinical Implications

The installation of dental implants in the oral cavity is challenging because although
this surgery is performed with an antiseptic methodology to avoid contamination, the
oral environment is polymicrobial with roughly a thousand bacterial species detectable
by sequencing the 16sRNA gene, so there is a possibility that infection could be caused
microorganisms present in saliva [21,83,84]. On this subject, Johansson et al., 2017 [83],
carried out a systematic review to verify the existence of scientific evidence that contamina-
tion during dental implant surgery influenced osseointegration and clinical success as it
affects orthopedic surgeries. However, the findings of the results were insufficient for a
definitive conclusion, and the authors suggest the clinician be cautious in order to prevent-
ing infections, corroborating the results of Albrekston et al., 1981 [85], which demonstrate
that a clinician’s skill during surgery is a predictive factor of success because it influences
surgical time.

Another factor to be considered that predisposes to contamination in dental implants
is the histology of the peri-implant tissue in the transmucosal region, as it is made up of
collagen fibers arranged in parallel, unlike the dental area, which is perpendicular; thus, the
adhesive union in the peri-implant transmucosal region is inferior and considered an adap-
tation and not a fixation as when it occurs in the tooth [86-88]. Therefore, when considering
the transmucosal region, implants can be positioned at tissue and bone level; scientific
evidence demonstrates that their position is associated with biological complications, so
implants with a smaller mucosal tunnel have lower rates of complications, crestal bone
loss, and peri-implantitis, as demonstrated by the study by Chan et al., 2019 [89], and Rokn
etal., 2017 [90], for enabling more effective oral hygiene.

Thus, as the process of bacterial pathogenesis in implants is multifactorial, involving
the physicochemical properties of the biomaterial, bacterial strain type, environmental
conditions, and other causes that are present even when trying to avoid contamination
when installing the implant and prosthetic component [57,83,85,89-91], the authors of
this review suggest that the clinician, when aware of the possibility of contamination, be
cautious with strict antisepsis measures in their clinical practice and instruct the patient on
the risk of biological complications and that, in an attempt to avoid such problems, daily
biofilm control and regular appointments are necessary.

4. Materials and Methods
Detailed in the Supplementary Materials.

5. Conclusions

(1) Current literature shows the preference of bacteria in adhering to the surfaces of the
same hydrophilicity. However, this is contradicted by the present systematic review,
which showed that this might not be the case, since hydrophobic bacteria developed
hydrogen bonds and adhered to hydrophilic surfaces.

(2) The application of surface treatments, such as potentiostat anodization and lasers,
that induce the reduction of areas favorable for bacterial adhesion interferes more in
the formation of biofilm than the surface roughness.

(3) Bacterial colonization should be evaluated in time-dependent studies as they de-
velop adaptation mechanisms related to time, which are not examined in this review.
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Furthermore, the electrostatic condition of the surface is a property that should
be highlighted.

(4) For clinical conditions, the literature demonstrates the following: 1. Positioning the
implant at the tissue level is recommended as it allows for better hygiene; 2. There is
still no consensus on the ideal roughness for the transmucosal region of the implant;
3. Printed implants allow better adhesion and osteoblastic proliferation and control
of their printing parameters for mechanical biocompatibility with bone tissue; and
4. The oral cavity is a polymicrobial area so implant contamination can occur during
its installation; thus, the clinician must be aware of the possibility of contamination
and avoid it by using strict antisepsis methods and instruct the patient on the need
for regular consultations and on how to sanitize.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/antibiotics12060994/s1, Materials and Methods; Figure S1: risk of bias of this
systematic review; Figure S2: Risk of bias per study included; Supplemental Table S1: Databases and
search strategy; Supplemental Table S2: Excluded articles and reasons for exclusion.
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