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Abstract: Polyether-ether-ketone (PEEK) has emerged in Implant Dentistry with a series of short-time
applications and as a promising material to substitute definitive dental implants. Several strategies
have been investigated to diminish biofilm formation on the PEEK surface aiming to decrease the
possibility of related infections. Therefore, a comprehensive review was carried out in order to
compare PEEK with materials widely used nowadays in Implant Dentistry, such as titanium and
zirconia, placing emphasis on studies investigating its ability to grant or prevent biofilm formation.
Most studies failed to reveal significant antimicrobial activity in pure PEEK, while several studies
described new strategies to reduce biofilm formation and bacterial colonization on this material.
Those include the PEEK sulfonation process, incorporation of therapeutic and bioactive agents in
PEEK matrix or on PEEK surface, PEEK coatings and incorporation of reinforcement agents, in order
to produce nanocomposites or blends. The two most analyzed surface properties were contact angle
and roughness, while the most studied bacteria were Escherichia coli and Staphylococcus aureus. Despite
PEEK’s susceptibility to biofilm formation, a great number of strategies discussed in this study were
able to improve its antibiofilm and antimicrobial properties.
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1. Introduction

The diverse microbiome that harbors in the oral cavity plays an important role in health
maintenance through the development of the immune response and inhibition of the pathogen
colonization [1]. However, under certain circumstances, normal microbiota may be responsible
for many oral diseases [2,3]. Oral dysbiosis triggers important changes, reducing the number of
beneficial bacteria and favoring the growth of potential pathogens [4]. This is particularly worrying in
susceptible individuals affected by periodontitis, a biofilm related disease characterized by alveolar
bone resorption, which may lead to tooth mobility and tooth loss [5,6]. In fact, periodontal patients
who were rehabilitated with dental implants are more predisposed to develop peri-implant diseases,
for which poor plaque control also acts as a primary etiologic factor [7].

In a systematic review carried out in 2017, [8] patient-level data and implant-level data indicated
that peri-implantitis was present in 9.25% and 19.83% of analyzed cases, respectively, while mucositis
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affected 29.48% of patients and 46.83% of implants analyzed [8]. Since there was no consensus on the
best treatment protocol [9], biofilm prevention becomes not only desirable but necessary [10]. This can
be achieved at the clinical level through favorable implant position and adequate prosthetic design,
accompanied by oral hygiene education and regular appointments [10]. Still, at the research level, there is
an incessant demand for investigations to develop materials with either antibiofilm or antimicrobial
surfaces, or both, through manipulation of surface topographical properties (i.e., contact angle
and roughness), or by the incorporation of antibiofilm agents, which can be evaluated through
physicochemical analysis [11-14].

Since the demonstration of titanium osseointegration by Branemark et al. (1981) [15], this material
has been widely used in Implant Dentistry, revolutionizing oral rehabilitation modalities [16]. However,
under certain circumstances, such as therapeutic treatment of peri-implantitis [17] or wear-corrosion,
metallic debris is released resulting in prejudicial effects to peri-implant tissues. It had been proved
that those metal particles stimulate molecular mechanisms such as enhancement of proinflammatory
cytokines and osteoclasts activity, as well as infiltration of inflammatory cells with cytotoxic and
genotoxic effects [18]. Hence, there is a growing interest in the development of an alternative material
that can be used in dental implants and as implant abutments [19-21].

Within this context, the thermoplastic biocompatible polymer polyether-ether-ketone (PEEK)
stands out, with several desired properties to Implant Dentistry improvements, such as mechanical
and chemical resistance, stability at high temperatures (enabling sterilization) and natural white
pigmentation (favorable for esthetics) [22,23]. Several methods have been studied to establish an
effective adhesion of PEEK to resin-matrix composite in restorative dentistry, which is useful to the
esthetic of provisional restorations [24]. Moreover, its production process is very versatile, as PEEK is
compatible with many reinforcement agents and surface coatings, which can be used to improve its
mechanical and biological properties [25-27]. Currently, PEEK is safely used in Implant Dentistry as
provisional abutments, healing screws, prosthetic transfers and frameworks [20,23,28]. Nevertheless,
as reported by Khonsari et al. [29], there are cases in which PEEK dental implants had been employed in
patients and poor osseointegration led to severe infectious complications and subsequent implant loss.

Figure 1 ilustrates the propositions exposed above. In order to develop a PEEK-based dental
implant or even to convert the available applications from provisional to definitive (i.e., PEEK-based
prosthetic components), additional research is necessary. Therefore, a comprehensive literature review
was carried out aiming to investigate available strategies to reduce biofilm formation on PEEK materials
for Implant Dentistry applications.
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Figure 1. (A) Biofilm formation on titanium implants, underneath an implant-supported total prosthesis;
(B) bone defects around dental implants at posterior lower jaw, a sequel of peri-implantitis; (C) metallic
debris being released to peri-implant tissues during peri-implantitis treatment (implantoplasty);
(D) PEEK healing screw (FGM, Brazil); (E) PEEK temporary abutments (Straumann, Switzerland) that
support esthetic restorations; (F) PEEK prosthetic transfers (FGM, Brazil); (G) PEEK abutment cap
(Straumann, Switzerland).

2. Strategies to Reduce Biofilm Formation in PEEK Materials Applied to Implant Dentistry

A full strategy with inclusion and exclusion criteria, as well as the flow chart of selected studies,
are available as Supplementary Data. From a total of 376 studies initially found during the literature
search, 33 were chosen for full text reading based on titles. Thereafter, 31 studies fulfilled the inclusion
criteria of this review. Tables 1 and 2 reveal comprehensive information on pure and modified
PEEK, respectively.

2.1. Study Characteristics

Amongst the included studies, 5 involved in vitro associated to in vivo (animal) investigations,
while 26 were restricted to in vitro studies. In vivo (human) studies did not fulfill inclusion criteria of
this review. Regarding PEEK modification strategies, 6 studies analyzed pure PEEK compared to other
materials [30-35] (e.g., titanium, silicon, gold, silver, zinc oxide, zirconia, silicon nitride) and none of
them revealed special antibiofilm or antimicrobial properties of PEEK material. A total of 25 studies
used strategies to reduce biofilm and bacterial colonization on PEEK, which were able to successfully
confer either antibiofilm or antimicrobial properties, or both, to the material. Regarding applications
aimed at the investigated materials, orthopedic, dental and the treatment of bone defects were the
most commonly mentioned, followed by the development of biomaterials in general.
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Table 1. Descriptive analysis of unmodified PEEK materials 2.
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Reference

Materials (Roughness and

Contact Angle Values) P

Microorganisms

Microbiologic Assay

Biologic Response

v Poly(orthoesther) (78°);
; II;EI]%]I((LQ?)C:I'C acid) (84%); v Staphylococcus epidermidis; Bacteria adhesion with ) ) )
1. Barton et al. [30] (90%); . v Pseudomonas aeruginosa; or without Bacterial adhesion was higher on PEEK
v Polysulfone (84°); v Escherichia coli; hyaluronic acid; than on biodegradable polymers;
v High molecular weight
polyethylene (106°);
v PEEK (1.034 nm; 86°);
v SigNy (1094 nm; 28°); Bacterial detachment ]
v Af-SizNy (830 nm; 66°); v Escherichia coli; and counting: average Eor both l.)acten:d apd at both
2. Bock etal. [31] v Ox-SizNy (745 nm; 8°); v Staphylococcus epidermidis; colony forming units experimental times biofilm growth was
v/ Np-SizNjy (654 nm; 9°); (CFU/mm?) greater on PEEK;
vV TigAlV (494 nm; 71°);
v Taper cap 'gold coping; v Agtgregatzbzzcter - Real-time polymerase
3. Bressan et al. 2017 [32] v PEEK coping Actnomyceemcomitans; chain reaction (PCR); No significant differences between
: ‘ v Copings were connected ~ v' Porphyromonas gingivalis; Visual assessment: groups were identified;
to dental implants; v Fusobacterium nucleatum; ’
Exponential growth of biofilm was
i idis; noted on PEEK when exposed t
v/ PEEK (1nm); v Staphylococcus epzd?rmzdzs, . . S '(Zl e ?1 g w n exposed to ]
v Titanium (3 nm) v Pseudomonas aeruglnosa; Bacterial function: . epiaeri 'ZS, - aureus, I-. aer.ug"’losa an
4. Gorth et al. [33] /  SisN, (25 nm) ’ v Staphylococcus aureus; crystal violet staining E tE. coli. Wlkt)h tf}'lle e)f(ceptl(;n of
: ‘ /  Escherichia coli: and a Live/Dead assay; nterococcus, biofilm formation was
v SizNy polished (10 nm); v Enterococcus: lower on titanium compared to PEEK

for time periods >48 h. PEEK showed
the highest biofilm affinity;
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Reference

Materials (Roughness and
Contact Angle Values) P

Microorganisms

Microbiologic Assay

Biologic Response

5. Hahnel et al. 2015 [34]

ANANENEN

Zirconia (0.16 um);
Titanium (0.17 um);
PEEK (0.04 pm);
Polymethylmethacrylate
—PMMA (0.05 um);

NSNS S

Candida albicans;
Streptococcus mutans;
Actinomyces naeslundii
Streptococus gordonii;

Biofilm analysis:
MTT-based cell viability
assay and Live/Dead
BacLight bacterial
viability kit solution.
Analysis on
fluorescence microscope;

The lowest quantity of adherent viable
biomass was identified on the surface of
PEEK compared to other groups. After
44 h, biofilms on zirconia yielded the
highest value of dead microorganisms
and PMMA yielded the lowest value;

6. Webster et al. [35]

Si3N4 (390);
ASTM grade 4
titanium (76°);
PEEK (95°);

Staphylococcus epidermidis;

Bacterial infection and
bone growth: histologic
quantification for the
number of bacteria in
the implant area and
juxtaposed to

the implant;

Live bacteria were identified around
PEEK (88%) and Ti (21%) implants,
while none were observed adjacent

to Si3N4 ;

2 A decrease in free energy favors stability. ® Contact angle > 90° means that the material is hydrophobic, and <90°means that it is hydrophilic.
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
v Streptococcus
v PEEK (0.57 um; 70.33°); sanguinis; v Modification of the Bacteria showed increased
v Blasted PEEK (1.85 um; 108.36°); v Streptococcus oralis; original method of biofilm formation on blasted
1. Barkarmo et al. [36] PEEK blasting; v/ Titanium Grade 4 (0.23 um; 62.43°); v  Enterococcus faecalis; Christensen et al. PEEK (eAxception: ]
v TigAlyV (0.28 pm; 58.82°); v Streptococcus (1985). E. faccalis—higher on cp-Ti
gordonii; compared with other materials).
v PEEK scaffolds fabricated layer
. by layer; J/ Escherichia coli: v Evaluation of bacterial ~ PEEK scaffold PDATCO?fed and
Novel Ag-decorated 3D printed  ,  pEEK coated with a pDAnanolayer ’ dynamics curves; UV-treated had significant
2. Deng et al. [37] PEEK via cat.echolamine by dopamine solution and v’ Staphylococcus v/ cop.tact a.nd. release killing
chemistry; immersion in AgNO3 with aureus; Antibiofilm formation; ~capacities. Biofilms were reduced
subsequent UV light treatment; in the presence of silver;
v/ PEEK e
v NSPEEK (treatment with mixed ; BAagcatz;i;ff:?}(::stie;;,' Few bacteria were detected on
Hierarchically micro/nanoscale acid H,SO4:HNOB); S 7/ Antibiofilm Tests: ! th}el'i\TSPﬁ SIM (1 mml);TOEi groupf,
produced on PEEK and a v NSP/SIM(1 mm)-PLLA (additional v Escherichia coli; P throu, h w. bl e other g?ups I?ISZIEP;(GHZO
3. Deng et al. [38] simvastatin-PLLA immersion in SIM solution) (93°); v Staphylococcus. Live/Dead kits & N ;Isltieéﬁ ah ered . afﬁ f
film-tobramycin microspheres v/ NSP/SIM (1 mm)-TOB: additional aureus; ’ showed uncontrolle

emulsion 3% of PLLA in CH,Cly;
0.3% of TOB in ultra-pure water)
dropped and spin-coated (84°);

delivery system was fabricated;

FE-SEM and confocal
laser scanning
microscopy;

biofilm proliferation, while no
biofilm was observed on
NSP/SIM (1 mm)-TOB group;
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
v SPEEK: sulfonated PEEK (83.75°); Antibacterial
) ] v Ag-SPEEK: SPEEK further treated Kinetic Tests;
Dual therapy implant coating by chitosan solution, and by Ag Determination Ag—SPEEK s.ubstrat.e was
~ developed on the 3D ion-sodium alginate solution; Escherichia coli; ¢ CFU superior regarding antibacterial
4 Dene et al. [39 micro-/nanoporous sulfonated 7, SPEEK: assembling of Zn v Staphylococcus 0 > properties against E. coli, while
8 (391 PEEK via 1 by-1. 5 Bacterial Growth b f obvi tibacterial
Via layer-by-layer ion—containing chitosan with pure aureus; o absence or Obvious antibacteria
self-assembly of Ag ions and sodium alginate; Inhibition Zone Tests; effects against S. aureus was
Zn fons; /  Ag/Zn-SPEEK: Ag-SPEEK further SEM Characterization observed;
of Bacteria;
exposed to UV/ozone;
v PEEK, PEEK/ZnO (nanoparticle
content: 1.0);
Production of nanocomposites v PEEK/ZnO (2.5); Nanocomposites with
via melt-blending, by addition v PEEK/ZnO (5.0); o ) polymer-grafted nanoparticles
of a carboxylated polymer v/ PEEK/COOH; v Escherichia coli; exhibited superior antibacterial
5. Diez-Pascual etal. [40]  derivative covalently grafted  ,  pcOznO, PEEK / PCOZnO (1.0); v Z‘:‘ZZ]S/.ZUCUCC”S‘ CFU/sample calculation; activit.y aga.inst bOﬂ’.l studied
onto the su.rface of v/ PEEK/ PCOZnO (2.5); 2 bacterhlal. This effect 1.ncreased
hydroxyl-termm?ted ZnO v/ PEEK/ PCOZnO (5.0); upon ;alsmg nanopartlclg corlltent
nanoparticles; ) ! and was stronger on E. coli;
v Obs:PCOZnO is
PEEK-CO-0O-CH2-ZnO0;
. . . v TiOy;
t;l;?iucrtfr?ogizogcs)ﬁzaglazf 4 v/ PEEK; ] ) The nanoparticles conferred
ly lp her-imid v/ PEL o ) Survival ratio antibacterial action versus tested
on poly PEEK/poly(ether-imide) v Escherichia coli; calculation under bacteria in the presence and in
(PEI) blends reinforced with v PEEK/PE[L P
6. Diez-Pascual et al. [41] bioactive fitarium dioxide v PEEK/PEI/TiO, (1.0 wt %); v Staphylococcus presence or absence of the absence of UV light. The
: X . ) o aureus; UV light highest inhibition was attained at
(TiO,) nanoparticles via v PEEK/PEI/ TiO, (4.0 wt %); against bacteria; 4.0 wt % nanoparticle
ultrasonication followed by v PEEK/PEI/ TiO, (8.0 wt %) s o nanop

melt-blending;

UV irradiated;

concentration;
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
v PEEK-C (50.6 nm; 84.5°),
v PEEK-I: N, no voltage, no pulse
width and no frequency—90 min The number of colonies adherents
(435.9 nm; 19.93°), on the PEEK-L and PEEK-H was
v/ PEEK-L: N, 20 kV of voltage - ) ) lower than that on PEEK-C and
7. Gan etal. [42] Nitrogen plasma immersion ion pulse width of 30 uS, frequency of Stap y. ococcus Co ony-counting and _ PEEK-L Nitrogen PIII using high
implantation on ; a ; ’ - / ulse or low pulse inhibite
implantation (PIII) on PEEK, 1000 W—90 min aureus plate-counting methods pul low pulse inhibited
(443.23 nm; 20.67°) S. aureus early adhesion on PEEK,
v PEEK-H: 1\}2 _20 k’V of voltage which exhibited antibacterial
pulse width of 50 uS, frequency of property;
1000W—90 min (608.4 nm; 17.74°);
Drug-loaded (chlorogenic acid, s SPEEK (67.75°) Evaluation through SPEEK ap@ SPEEK@SA did not
CGA)/grafted peptide (BFP) RS Escherichia coli; plate-counting inhibit E. coli growth.
hydrogel system supported on v SPEEK@SA (23.33%) Staphyl thod aft SPEEK@SA(CGA) and
8. Heetal. [43] o taphylococcus method after
asulfonated PEEK (SPEEK) ~ v/ SPEEK@SA-CGA—(30.5°), Zurels: inoculation SPEEK@SA(CGA)BFP scaffolds
surface, using sodium v SPEEK@SA(CGA)BFP (28.08°); and incubation. had a noticeable antibacterial
alginate (SA); effect on both tested bacteria;
Escherichia coli;
Staphylococcus.
aureus;
Pseudomonas . . ..
. aeruginosa; Antibacterial activity: g gyrens, MRSA and S. epidermidis
Dual zinc and oxygen plasma /- CFRPEEK (66.6°); Methicillin-resi bacterial reduction on Zn/O-PIII-CFRPEEK
immersion ion {mplantatlo.n v/ CFRPEEK + oxygen plasma Stethlcll in-resistant counting method; is over 95% at 24 h. This group
9. Luetal. [44] (Zn/O-P1II) applied to modify immersion ion implantation Aphytococcits Morphology of the showed no antibacterial effect on
carbon fiber reinforced PEEK Zn/O-PIIT) (144.1°); aureus; dhered ; o ;
(CERPEEK); (Zn/O-PIII) (144.1°); Staphlococcus adhere S. epidermidis (biofilm-negative
! Py 0coccls. bacteria: SEM; strain), E. coli and P. aeruginosa;
epidermidis; ), 8 4
Biofilm-negative
Staphylococcus

epidermidis;
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Reference

PEEK Modification Strategy

Materials (Roughness and Contact

Angle Values)

Microorganisms

Microbiologic Assay

Biologic Response

Evaluation through
plate-counting

Planktonic growth showed no
significant difference between

PEEK sulfonation treatmentto ¥ fmphonateg'gﬁl“:é( without methcl)d .after 4 g‘r;;p fsélﬁl}glfoz%fiﬁlgnggggzn
10. Montero et al. [45] functionalize and embed A ——" ; v Streptococcus mutans; ocetion anc with lactams. S. mutans biofilm
’ T therapeutical substances v Sulphonated-PEEK with incubation (biofilm o
(lactam); lactams embedded; and planktonic); grew widely separately as
! Bacterial agglomerates on SPEEK without
morphology: SEM; lactams, while it could not be
’ detected on SPEEK with lactams;
SPEEK heated for 3 h was the
v/ SPEEK (50°C, 1 h, SD: 62%); Evaluation through group with lowest varues of
PEEK sulfonation (SPEEK) on SPEEK (50 °C, 1.5 h, SD: 68%); plate-counting psa?mf;r:;bgi?fg; ;hlj)lv{regO?
various degrees (SD);62%, G2 o oo/, v Streptococcus mutans; method after o
11. Montero et al. [46] & ot v SPEEK (50 °C, 2 h, SD: 90%); . . . significant decrease on SPEEK
: : 68%, G3 90%, G4 75% and o o v Enterococcus faecalis; inoculation and g
G 6% v SPEEK (50 °C, 2.5 h, 75%); incubation (biofilm sulfonated for 2, 2.5 and 3 h.
° v SPEEK (50 °C. 3 h, SD: 69%); and planktonic); E. faecalis showed this reduction
only on groups sulfonated for 2.5
and 3 h;
Live/Dead
Preparation of graphene oxide v PEEK(L.2%; o, v Escherichia coli; fluorescence imaging 0.5 GO-SPEEK and 1 GO-SPEEK
12. Ouyang et al. [47] (GO) modified SPEEK v SPEEK (108.9%; v Staphylococcus (Confgcal laser groups exhibit proper
-Puyang ’ (GO-SPEEK) through v 0.5 GO-SPEEK (57°); aureus: scanning antibacterial properties against
dip-coating method; v 1GO-SPEEK (47.7°); ’ microscope-CLSM E. coli, but poor against S. aureus;
evaluation);
PEEK was sulfonated by or. Incubation according Amounts of E.coli were reduced
concentrated sulfuric acid to ; ggg}g((?glgo) v Escherichia coli; the standard of to 0 100%, 100%, and 24% on
13. Ouyang et al. [48] fabricate a three-chménsuonal y P95 (110° ’ v/ Staphylococcus Luria—Bertani; SPEEK, SPW25 and SPW120,
(3D) network with ( )i aureus: Bacteria respectively. On the same groups
hydrothermal treatment v SPWI120 (110°); ’ S. aureus was reduced by

subsequently;

morphology: SEM;

nearly 100%.
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
Surface modification of PEEK did
v Injection molded PEEK (PO) (85 not lead to a significant change in
nm, 83°); Staphylococcus bacterial adhesion in the
Injection moulded (PO) or v Injection molded PEEK machined aureus; Bacterial adhesion preoperative Corltaminati'on
machined (PA) PEEK exposed (PA) (536 nm, 73°); JAR quantification: model. In the postoperative
14. Rochford et al. [49] to an oxygen gas plasmaina v Commercially puré micro-rough (bothclinicalisolates) adhesion chamber contargmatlon.model, S. aureus
plasma cleaner; titanium (Ti) (530 nm, 68°); Staphylococcus biofilm reactor; adh.es.mn was mcreaseq on thg
v Treated side of sterile Thermanox epidermidis; mOdlf}ed surface.s.. 5. epidermidis
Txh (7.5 nm, 67°); adhesion to modified PEEK was
T lower than to nonmodified PEEK
in the postoperative model;
v PEEK (28 nm, 81°); . .
PEEK films were oxveen v/ PEEK exposed to oxygen gas St:lzphylo'cqc.cus Bacterial adhespn There was no significant
V8 ° epidermidis; was assessed using a difference in bacterial adhesion
15. Rochford et al. [50] lasma treated to increase plasma for 900 s (21 nm, 53°);
’ ’ P Staphylococcus parallel plate flow between treated and untreated
surface free energy; v PEEK exposed to oxygen gas aureus; chamber and camera; faces:
plasma for 1800 s (15 nm, 51°); ’ ’ surtaces;
Modified PEEK surface by .
photoinduced and self-initiated /U d PEEK I\;L;‘mbg of bﬁd‘ma SEM revealed adhered bacteria
o graft polymerization with nireate q Escherichia coli; adhered on the on PEEK, whereas no bacterium
16. Tateishi etal. [51] 2methacryloyloxyethyl v PMPC-grafted PEEK; surface was Cogntered was observed on the
phosphorylcholine, under from the SEM images; PMPC-grafted PEEK;

radiation UV;
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
v/ PEEK (90°),
v Coated PEEK in H50 volume and
38.4 uL Ag (H50-38.4) (>120°); Higher Ag loadings resulted in a
v Coated PEEK in H50 volume and . . . significant increase in the
384 uL Ag (H50-384) (>120°); v Aptlbacterlal prop.erty‘ diameter of the bacteria
Production of a hybrid coating  ,  Coated PEEK in H75 volume and v Staphylococcus Kirby-Bauer tests; inhibition zone. On PEEK, a thick
s o S aureus; v Biofilm growth: after iofi
17. Tran et al. [52] of Fltamum 'd1ox1de and 38.4 uL Ag (H75-38.4) (>120°); v Staphulococcus incubati%  moles and dense biofilm was formed.
polydimethylsiloxane (PDMS) ;- .ted PEEK in H75 volume and phyloco P On H50-38.4, H75-38.4 and
to regulate silver releasing; 384 ul Ag (H75-384) (>120°); epidermidis; were analyzed H95-38.4 smaller colonies of
. ! by SEM; S. aureus were found, while in
v Coated PEEK in H95 volume and H50-384. H75-384 and H95-384
38.4 L Ag (H95-38.4) (>120°); ~o0%, T1/o-50% an i}
v Coated PEEK in H95 volume and no bacterial colonies were found;
384 UL Ag (H95-384) (>120°);
Chltosan/bwachye glass Chitosan/BG/lawsone and the
(BG)/lawsone coatings were v PEEK/BG (2.2 um, 100°), stainless steel
deposited by electrophoretic v/ Chitosan/BG/lawsone (1.3 45° ibiti .
.3 pm, 45°), v Inhibition zones were hitosan/BG/1 PEEK/BG
. ' ’ v Staphylococcus ! chitosan, awsone
18. Ur Rehman et al. deposition (EPD) on v Stainless steel chitosan/BG/lawsone ¢ arﬁosyu 5: lmeasur/ed using coated induced inhibition halo
[53] polyetheretherketone and PEEK/BG coated Image]” analysis; against S. carnosus. Halo zone
(PEEK)/BG layers (previously (multilayered); >t S
deposited by EPD on 316-L y ; was wider for the multilayered
stainless steel); group (10 mm vs 4 mm);
v Microbial
Viability Assay Kit;
Development of a v/ PEEK(835°; /  Biofilm formation .PEEK/nano—FH.A biocomposite
19. Wang et al. [54] PEEK/nano-fluorohydroxyapatite PEEK/nano-fluorohydroxyapatite v/ Streptococcus mutans assay: LIVE/DEAD 1nh{b1tec1' bacten‘al adbeswn and
(PEEK/nano—l.:HA) (PEEK/nano-FHA) (71.5°); BacLight bacterial prohferatlon,.whmh did not occur
biocomposite; viability kit and with PEEK;

evaluation on CLSM;
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
v Red selenium nanoparticles as .
] coatings for PEEK (78.148°); Red an.d gray seler}mr.n—.coated
PEEK coated withred and gray  /  Grey selenium nanoparticles as v Pseudomonas Bacterial inhibition: PEEK significantly inhibited the
20. Wang et al. [55] selenium nanoparticles through coatings for PEEK (76.988°); aeruginosa; crystal violet assays; growth of P. aeruginosa compared
a quick precipitation method;  ,  pEEK without selenium coatings with uncoated PEEK at all
(68.478°); experimental times.
Live/Dead BacLight
bacteria viability kits
Titanium plasma immersion ion and evaluation at
lmplantat?rzj(PHI) t:;?m}?ue v CFRPEEK; v/ Streptococcus mutans; confocal . The TiPIII modified surface can
WaSriP E—lffi:b trc—)rnilr?f lry td € v CFRPEEK modified with titanium v Fusobacterieun laser-scanning reduced S. mutans, F. nucleatum
21. Wang et al. [56] ca 10 0 ethe . (t) ce plasma immersion ion nucleatum; microscope; and P, gingivalis adhesion and
POC%’EPEI‘E? er ef one implantation (PIII) v Porphyromonas Morphological- growth, directly implicating on
( EK) surface, technique (Ti-120); gingivalis; observation: SEM; death of adhesive bacterial;
constructing a unique Longevity and
multilevel TiO, nanostructure; stability of
antibacterial activity;
The Microbial ) )
PEEK modified surface using Viability Assay M}nor releasing from PEEK.blank
v PEEK (22.25nm, 71°); v/ Invitro: Kit-WST and lipossomes surfaces effectively
dexamethasone plus . ) ted bacterial adhesi d
2. Xuetal. [57] minocycline-loaded liposomes ¥ PEEK-pDA (53.33 nm, 24°); Streptococcus mutans LIVE/]?EA];) B.a.cngI}t PreVT}; © t' ac ?Fr;a a p ESK:H ari
- Auetal. (Dex/Mino liposomes) bonded v PEEK blanklipossomes and Porphyromonas Bacterial Viability Kit proliteration. 1he antibacteria
by a mussel-inspired (35.90 nm, 61°); gingivalis; (CLSM evaluation); efficiency of PEEK blank
; X lipossomes was about 97.4%
polydopamine coating (pDA); Cell morphology

imaging;

against S. mutans;
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Table 2. Cont.
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Materials (Roughness and Contact

Reference PEEK Modification Strategy Angle Values) Microorganisms Microbiologic Assay Biologic Response
i;}‘_‘;ffyln‘?jﬁifj v PEEK (65°); SP-PDA-Ag/GS-Silk showed
polydopamine (PDA) with v SPEEK (81°); Staphylococcus Antibacterial assay: religble antibacterial capagity
silver nanoparticles (AgNPs) v SP-PDA (49°); aureus: Plate-counting method; ~ against S. aureus and E. coli. It
23. Yan et al. [58] incorporated and silk fibroin v/ SP-PDA-Ag (without UV); Escher;'chiu ol Bacterialmorphology: was observed smoothly adhered,
(SF)/ gentamicin sulfate (GS) v/ SP-PDA-Ag (46°); ’ SEM; bPr(:hf_erate% Sgi aggg%%?fedd
coating was constructed upon v SP-PDA-Ag/GS-Silk (56°); e erlglg-rlgD A rrou s: o
porous PEEK surface; groups;
v PEEK—polished,
v/ SP—sulfonated PEEK
?gdi (})ltlgle(;‘;nla i{)};’treated at120°c Agar diffusion assay:
Mouse beta-defensin-14 ¥ SP-MBD2-SP loaded with 10 uL. of gﬁit;‘;“g%%a“dard of  SP-MBD with different MBD-14
(MBD-14) was immobilized on solution containing 2 ug/mL Staphylococcus aureus 2738-2012 protocol; solutions could effeg?tlvel'y kill
24. Yuan et al. [59] the PEEK surface with 3D MBD-14 (73.40°), Pseudomonas Bacterial ’ 5. fzti;riz%aDn(li 4P aeruglngsg, PEIEK
porous structure through v SP-MBD5—SP loaded with 10 uL aeruginosa; morphology: SEM; wi f 1; e&(erasi urable
sulfonation process; of solution containing 5 ug/mL Antibacterial ¢ an - roa .-slpec.n.lm.
MBD-14 (68.25°), L . antibacterial activity;
v SP-MBD10—SP loaded with 10 uL ongevity;
of solution containing 10 ug/mL
MBD-14 (64.80°);
v Macroporous-microporous nBG/PK
composites (mBPC) with the nBG The number of CEUs Thiol (HK) loaded in mBPC
Macro-microporous bone contents of 30 wt %, on medium and on (dmBPC) mhlblfed S. aureus
implants of nano-bioglass (nBG) ¥ PKwithoutnBG (mPK), Staphylococcus biofilm was counted; growt}f1 and no}\lnable bactenfa
25. Zhang et al. [60] and polyetheretherketone (PK) v Macroporous nBG / PK (BPC) atireus: Antibacterial activity: V\}Iir; Oind' TA e pres;nce o
composite (mBPC) were compounds with 30% by weight ! LIVE/DEAD Bac light 1gher ?Ctena number on
fabricated; of nBG, Bacteria Viability Kits macro-microporous nBG/PK
v Thiol (HK) loaded in mBPC (evaluation at CLSM); ~composites indicated stimulation

(dmBPC);

of bacterial growth/ adhesion;
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2.2. Available Strategies to Reduce Biofilm Formation on PEEK Materials

Strategies are summarized and illustrated at Figure 2 and are listed as follows:

(a) PEEK sulfonation process, which can be employed either to produce a 3D network on polymer
surface [39], or to embed therapeutic compounds (e.g., lactams [45,46], mouse beta-defensin [59]).
Further surface treatments were also employed after the sulfonation process, such as chlorogenic
acid/grafting peptide [43], graphene oxide coating [61] and hydrothermal treatment [48].

(b) Incorporation of therapeutic and/or bioactive agents in the PEEK matrix or on the PEEK
surface, such as simvastatin-PLLA [39]; Ag and Zn ions [37,39,40,58], dexamethasone plus
minocycline-loaded liposomes [57], bioactive titanium dioxide (TiO2) [52], 2-methacryloyloxyethyl
phosphorylcholine [51] and titanium plasma [56].

(c) PEEK coatings, such as the hybrid coating of titanium dioxide and polydimethylsiloxane [52];
chitosan/bioactive glass/lawsone [53], red and gray selenium nanoparticles [56], mussel-inspired
polydopamine with silver nanoparticles incorporated and silk fibroin gentamicin sulfate [57,58].

(d) Incorporation of reinforcement agents to produce nanocomposites and/or blends (carbonylated
PEEK grafted to ZnO45, PEEK/poly-ether-imide blends [41], carbon fiber reinforced PEEK further
treated with oxygen plasma [44], PEEK/nano-fluorohydroxyapatite [54], nano-bioglass/PEEK [60]).

2.3. Microbiological Analysis

The most commonly investigated bacteria were Escherichia coli and Staphylococcus aureus, but other
microorganisms such as Streptococcus sanguinis, Streptococcus oralis, Streptococcus faecalis, Streptococcus
gordonni, Streptococcus epidermidis, Pseudomonas aeruginosa, Aggregatibacter actinomycetemcomitans,
Porphyromonas gingivalis, Fusobacterium nucleatum, Enterococcus faecalis, Candida albicans, Actinomyces
naeslundii, Streptococcus mutans and Staphylococcus epidermidis were also studied. Microbiological
analysis was very heterogenic, and several methods were used, which are summarized in Tables 1 and 2.
Among the included methods, it should be highlighted that the most recurrent ones were plate-counting,
for the determination of average colony forming units (CFU/mm?); Real-Time Polymerase Chain
Reaction (RT-PCR) and Live/Dead cells analysis, followed by FE-SEM and confocal laser scanning
microscopy; bacterial growth inhibition zone tests; crystal violet assays; longevity and stability of
antibacterial activity and agar diffusion assay.

2.4. Physicochemical and Topographical Characterization

With the exception of 7 papers [32,37,40,41,45,56,60], all the other studies analyzed surface
topographical aspects, such as either or both contact angle and surface roughness. The physicochemical
and additional characterization of included papers was achieved by energy-dispersive X-ray
spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), porosity evaluation through drainage
method, dynamic differential scanning calorimetry (DSC), X-ray diffractograms (XRD), Hydrogen
nuclear magnetic resonance ('H-NMR), thermogravimetric analysis (TGA), Fourier-transform infrared
spectroscopy (FTIR) and UV spectrophotometer.
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PEEK sulfonation Incorporation of therapeutic PEEK coatings Incorporation of
process and/or bioactive agents reinforcementagents

Production of
optimized PEEK
PN devices for
s /\ Implant
Dentistry

It is desired that PEEK modifications promote G
osteoblast proliferation, fibroblast spreading and applications
biofilm reduction

Figure 2. Summary of some available strategies to improve PEEK biological properties. (A) SEM
image of a sulfonated PEEK membrane; (B) SEM image of bioglass particles; (C) photography of PEEK
coated with adhesive film; (D) SEM image of natural amorphous silica fibers; (E) photography of PEEK
powder and PEEK cylinders manufactured through compression molding; (F,G) SEM images of MC3T3
osteoblasts on zirconia surface; 1929 fibroblasts on PEEK surface; (H) undesired biofilm formation on
material surface; (I) PEEK provisional abutment (Straumann, Switzerland).

3. Discussion

Investigations have demonstrated that peri-implantitis is a heterogeneous infection, in which
periodontopathogens and opportunistic microorganisms act simultaneously [62—-64]. Moreover, the disease
has been associated to specific immunological alterations on peri-implant crevicular fluid levels of
proinflammatory, anti-inflammatory and osteoclastogenesis-related chemokines [65]. Several studies
analyzed in this review [30-35] investigated biofilm and antimicrobial properties of pure PEEK,
demonstrating that the polymer is susceptible to biofilm colonization. Within a context in which PEEK
clinical applications in Implant Dentistry are increasing [28], strategies to modify its surface to enhance its
antimicrobial/antibiofilm properties are crucial.

It becomes even more important to improve PEEK materials with the above-mentioned properties
when considering that biofilms are organized polymicrobial communities that offer bacteria protection
against environmental factors and antibiotic treatments [66,67]. In vitro analysis of submucosal biofilm
samples of 120 peri-implantitis sites revealed that 71.7% exhibited bacterial pathogens resistance to one
or more of tested antibiotics (clindamycin, amoxicillin, doxycycline or metronidazole) [68]. Therefore,
the identification of compounds capable of inhibiting biofilm formation or disrupt biofilm organization
emerges as an attractive alternative to avoid peri-implant related infections [69,70]. It is important to
notice that this approach is not expected to completely eliminate biofilm formation, but it is a very
effective way of modifying oral ecology instead, reducing the number of pathogenic bacteria and
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favoring the growth of mutualistic species. By doing so, the host organism is provided with just the
necessary advantage to defeat the pathogens using its own resources.

Additionally, it is important to analyze PEEK surface properties and its influence on biologic
systems. For example, the PEEK hydrophobic surface associated to its bio inertness is a major concern
when prospecting for the expansion of its application in Implant Dentistry [28,71], as this type of
surface typically reduces cellular adhesion and does not promote osseointegration [22]. Numerous
modifications have been proposed to overcome those limitations, such as blending with bioactive
particles such as titanium dioxide, hydroxyapatite and fluorapatite [72-74]. Interestingly, the present
review exposed that some of those strategies showed the favorable additional effect of reducing
biofilm formation [41,44,54]. For example, a very promising candidate to replace metallic implants is
carbon fiber reinforced PEEK (CFRPEEK) [75], which has similar elastic modulus to the human cortical
bone [22]. One of the studies included in this review [44] proposed a dual zinc and oxygen plasma
immersion ion implantation to modify CFRPEEK. Despite the fact that this strategy made the surface
far more hydrophobic (contact angle shifted from 66.6° to 144.1° after surface modification), it also
improved both osteogenic and antibacterial activities, as evaluated through MC3T3-E1 and rat bone
mesenchymal stem cell development and through Staphylococcus aureus, MRSA and Staphylococcus
epidermidis inhibition [44]. Those findings provide positive perspectives of the development of PEEK
surfaces enhanced with bioactive and antibiofilm properties, which is favorable for PEEK-based dental
implant development.

Bone cell activity on the PEEK surface is very important to achieve proper osseointegration on
dental implants, but considering that an imperative application for PEEK in Implant Dentistry is as
implant abutments [76], the gingival sealing must be analyzed as well, since it provides protection
to implants against infections by potential pathogens [10]. Among the studies included in this
review describing strategies for PEEK modification through the incorporation of antibiofilm agents,
the embedding of lactams through the PEEK sulfonation process is worth mentioning [45]. Lactams are
compounds analogous to furanones, which were initially isolated from the algae Delisea pulchra, and had
been proved to be effective against Streptococus mutans biofilms [77]. Anin vitro study [26] demonstrated
that PEEK sulfonation positively interferes with the ability of fibroblasts L929 to spread over the surface
of the material [26]. This corroborates previous indications that PEEK sulfonation is a suitable process
for the development of modified PEEK abutments with embedded antibiofilm compounds.

In addjition to the mentioned in vitro studies indicating these strategies as promising approaches
to develop clinical materials biofilm resistant, an in vivo (human) investigation also revealed that
PEEK healing abutments did not affect important parameters of peri-implant health, such as marginal
bone loss and soft tissue recession, during a three-month evaluation period [78]. Therefore, it seems
plausible to associate PEEK inherent favorable properties with adequate strategies to maximize its
biological properties and consequently achieve even better clinical outcomes in the near future.

4. Conclusions

Within the scope of the present review, it may be concluded that pure PEEK is susceptible to biofilm
formation and that several strategies presented here are able to significantly improve its antibiofilm
and antimicrobial properties. Those strategies include the PEEK sulfonation process, incorporation of
therapeutic and/or bioactive agents in the PEEK matrix or on the PEEK surface, PEEK coatings and
incorporation of reinforcement agents to produce nanocomposites and/or blends. Since the use of
PEEK in Implant Dentistry is increasing, those modifications are necessary in order to enable patients
to benefit from these new materials which present great potential to prevent infections. Therefore, it is
expected that further in vivo studies, both in animals and humans, will make available PEEK-based
dental implants and improved implant abutments for clinical practice applications.



Antibiotics 2020, 9, 609 17 of 21

Author Contributions: R.S.B.—Conceptualization, formal analysis, investigation, methodology, writing—original
draft preparation; L.G.L.—validation, formal analysis, investigation; C.A.M.V.—conceptualization, data curation,
visualization, supervision; C.A.M.B.—conceptualization, resources, visualization, project administration;
A.d.L.P—conceptualization, writing—review and editing, supervision. All authors have read and agreed
to the published version of the manuscript.

Funding: This project was supported by a grant from the ITI Foundation, Switzerland.

Acknowledgments: Authors express their gratitude to CAPES and FAPEU in Brazil. Additionally, authors are
grateful to Felipe Ouriques, Bruna Barbosa Correa, Mario Eduardo Escobar-Ramos, Maria Elisa Galarraga-Vinueza,
Mariane Beatriz Sordi and Patricia Rabelo Monich due to their collaboration on images that enabled the creation
of the present figures. Authors are also thankful to Camila Rodrigues de Souza due to her efforts in the
language review.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, ] H.; Chinwalla, A.T.; Creasy, H.H.; Earl, AM.;
FitzGerald, M.G.; Fulton, R.; et al. Structure, function and diversity of the healthy human microbiome.
Nature 2012, 486, 207-214. [CrossRef]

2. Takahashi, N.; Nycad, B. The role of bacteria in the caries process: Ecological perspectives. J. Dent. Res. 2011,
90, 294-303. [CrossRef] [PubMed]

3.  Coventry, J.; Griffiths, G.; Scully, C.; Tonetti, M. ABC of oral health: Periodontal disease. BM]J 2000, 321,
36-39. [CrossRef] [PubMed]

4. Sharma, N.; Bhatia, S.; Sodhi, A.S.; Batra, N. Oral microbiome and health. AIMS Microbiol. 2018, 4, 42-66.
[CrossRef] [PubMed]

5. Jepsen, S.; Caton, ].G.; Albandar, ].M.; Bissada, N.F.; Bouchard, P.; Cortellini, P.; Demirel, K.; Sanctis, M.;
Ercoli, C.; Fan, ].; et al. Periodontal manifestations of systemic diseases and developmental and acquired
conditions: Consensus report of workgroup 3 of the 2017 World Workshop on the Classification of Periodontal
and Peri-Implant Diseases and Conditions. . Periodontol. 2018, 89, 237-248. [CrossRef] [PubMed]

6. Socransky, S.S.; Haffajee, A.D.; Cugini, M.A.; Smith, C.; Kent, R.L., Jr. Microbial complexes in subgingival
plaque. J. Clin. Periodontol. 1998, 25, 134-144. [CrossRef]

7. Berglundh, T.; Armitage, G.; Araujo, M.G.; Avila-Ortiz, G.; Blanco, J.; Camargo, PM.; Chen, S.; Cochran, D.;
Derks, J.; Figuero, E.; et al. Peri-implant diseases and conditions: Consensus report of workgroup 4 of the
2017 world workshop on the classification of periodontal and peri-implant diseases and conditions. J. Clin.
Periodontol. 2018, 45, 286-291. [CrossRef] [PubMed]

8.  Lee, C.;Huang,Y.,; Zhu, L.; Weltman, R. Prevalences of peri-implantitis and peri-implant mucositis: Systematic
review and meta-Analysis. J. Dent. 2017. [CrossRef]

9.  Robertson, K.; Shahbazian, T.; Macleod, S. Treatment of peri-implantitis and the failing implant. Dent. Clin.
N. Am. 2015, 59, 329-343. [CrossRef]

10. Berglundh, T.; Jepsen, S.; Stadlinger, B.; Terheyden, H. Peri-implantitis and its prevention. Clin. Oral Implant. Res.
2019, 30, 150-155. [CrossRef]

11.  Bollenl, C.M.L.; Lambrechts, P.; Quirynen, M. Comparison of surface roughness of oral hard materials to the
threshold surface roughness for bacterial plaque retention: A review of the literature. Den. Mater. 1997, 13,
258-269. [CrossRef]

12. Falde, EJ.; Yohe, S.T.; Colson, Y.L.; Grinstaff, M.W. Superhydrophobic materials for biomedical applications.
Biomaterials 2016, 104, 87-103. [CrossRef] [PubMed]

13.  Nedeljkovic, I.; Munck, J.; Ungureanu, A.; Slomka, V.; Bartic, C.; Vananroye, A.; Clasen, C.; Teughels, W.;
van Meerbeek, B.; van Landuyt, K.L. Biofilm-induced changes to the composite surface. J. Dent. 2017, 63,
36-43. [CrossRef] [PubMed]

14. Guéhennec, L.L.; Soueidan, A.; Layrolle, P.; Amouriq, Y. Surface treatments of titanium dental implants for
rapid osseointegration. Den. Mater. 2007, 23, 844-854. [CrossRef] [PubMed]

15.  Albrektsson, T.; Branemark, PI; Hansson, H.A.; Lindstrom, J. Osseointegrated titanium implants.
Requirements for ensuring a long-lasting, direct bone-to-implant anchorage in man. Acta Orthop. Scand 1981,
52,155-170. [CrossRef]


http://dx.doi.org/10.1038/nature11234
http://dx.doi.org/10.1177/0022034510379602
http://www.ncbi.nlm.nih.gov/pubmed/20924061
http://dx.doi.org/10.1136/bmj.321.7252.36
http://www.ncbi.nlm.nih.gov/pubmed/10875835
http://dx.doi.org/10.3934/microbiol.2018.1.42
http://www.ncbi.nlm.nih.gov/pubmed/31294203
http://dx.doi.org/10.1002/JPER.17-0733
http://www.ncbi.nlm.nih.gov/pubmed/29926943
http://dx.doi.org/10.1111/j.1600-051X.1998.tb02419.x
http://dx.doi.org/10.1111/jcpe.12957
http://www.ncbi.nlm.nih.gov/pubmed/29926491
http://dx.doi.org/10.1016/j.jdent.2017.04.011
http://dx.doi.org/10.1016/j.cden.2014.10.007
http://dx.doi.org/10.1111/clr.13401
http://dx.doi.org/10.1016/S0109-5641(97)80038-3
http://dx.doi.org/10.1016/j.biomaterials.2016.06.050
http://www.ncbi.nlm.nih.gov/pubmed/27449946
http://dx.doi.org/10.1016/j.jdent.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28554609
http://dx.doi.org/10.1016/j.dental.2006.06.025
http://www.ncbi.nlm.nih.gov/pubmed/16904738
http://dx.doi.org/10.3109/17453678108991776

Antibiotics 2020, 9, 609 18 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Buser, D.; Sennerby, L.; Bruyn, H. Modern implant dentistry based on osseointegration: 50 years of progress,
current trends and open questions. Periodontol. 2000 2017, 73, 7-21. [CrossRef]

Bianchini, M.A.; Galarraga-Vinueza, M.E.; Apaza-Bedoya, K.; Souza, ].M.; Magini, R.S.; Schwarz, F. Two to
six-year disease resolution and marginal bone stability rates of a modified resective-implantoplasty therapy
in 32 peri-implantitis cases. Clin. Implant. Dent. Relat. Res. 2019, 21, 758-765. [CrossRef]

Oliveira, M.N.; Schunemann, W.V.H.; Mathew, M.T.; Henriques, B.; Magini, R.S.; Teughels, W.; Souza, ] M.
Can degradation products released from dental implants affect peri-implant tissues? . Periodontal. Res. 2017,
53,1-11. [CrossRef]

Hu, M,; Chen, J.; Pei, X.; Han, J.; Wang, J. Network meta-analysis of survival rate and complications in
implant-supported single crowns with different abutment materials. J. Dent. 2019, 88, 103115. [CrossRef]
Schwitalla, A.; Muller, W.D. PEEK dental implants: A review of the literature. J. Oral Implant. 2012, 39,
743-749. [CrossRef]

Depprich, R.; Naujoks, C.; Ommerborn, M.; Schwarz, E; Kiibler, N.R.; Handschel, J. Current findings
regarding zirconia implants. Clin. Implant. Dent. Relat. Res. 2012, 16, 124-137. [CrossRef] [PubMed]
Kurtz, S.M.; Devine, ].N. PEEK biomaterials in trauma, orthopedic, and spinal implants. Biomaterials 2007,
28,4845-4869. [CrossRef] [PubMed]

Agustin-Panadero, R.; Serra-Pastor, B.; Roig-Vanaclocha, A.; Roman-Rodriguez, J.; Fons-Font, A. Mechanical
behavior of provisional implant prosthetic abutments. Med. Oral Patol. Oral Cir. Bucal. 2015, 20, 94-102.
[CrossRef] [PubMed]

Escobar, M.; Henriques, B.; Fredel, M.C; Silva, ES,; Ozcan, M.; Souza, ] M. Adhesion of PEEK to resin-matrix
composites used in dentistry: A short review on surface modification and bond strength. J. Adhes. Sci. Technol.
2019, 1241-1252. [CrossRef]

Monich, PR,; Berti, EV,; Porto, L.M.; Henriques, B.; Oliveira, A.P.N.; Fredel, M.C.; Souza, ]. M. Physicochemical
and biological assessment of PEEK composites embedding natural amorphous silica fibers for biomedical
applications. Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 79, 354-362. [CrossRef] [PubMed]

Brum, R.S.; Monich, PR.; Berti, F,; Fredel, M.C.; Porto, L.M.; Benfatti, C.A.M.; Souza, ].M. On the sulphonated
PEEK for implant dentistry: Biological and physicochemical assessment. Mater. Chem. Phys. 2019, 223, 542-547.
[CrossRef]

Brum, R.S.; Monich, P.R.; Fredel, M.C.; Contri, G.; Ramoa, S.D.S.; Magini, R.S.; Benfatti, C.A.M. Polymer
coatings based on sulfonated-poly-ether-ether-ketone films for implant dentistry applications. J. Mater. Sci.
Mater. Med. 2018, 29, 132. [CrossRef]

Najeeb, S.; Zafar, M.S.; Khurshid, Z.; Siddiqui, F. Applications of polyetheretherketone (PEEK) in oral
implantology and prosthodontics. J. Prosthodont. Res. 2016, 60, 12-19. [CrossRef]

Khonsari, R.H.; Berthier, P.; Rouillonc, T.; Perrina, J.; Corre, P. Severe infectious complications after
PEEK-derived implant placement: Report of three cases. J. Oral Maxillofac. Surg. Med. Pathol. 2014, 26,
477-482. [CrossRef]

Barton, A.J.; Sagers, R.D.; Pitt, W.G. Bacterial adhesion to orthopedic implant polymers. |. Biomed. Mater. Res.
1996, 30, 403—410. [CrossRef]

Bock, R.M.; Jones, E.N.; Ray, D.R.; Bal, B.S.; Pezzotti, G.; Bryan, J.; McEntire, B.]. Bacteriostatic behavior of
surface modulated silicon nitride in comparison to polyetheretherketone and titanium. J. Biomed. Mater.
Res. A 2017, 105, 1521-1534. [CrossRef] [PubMed]

Bressan, E.; Stocchero, M.; Jimbo, R.; Rosati, C.; Fanti, E.; Tomasi, C.; Lops, D. Microbial leakage at morse taper
conometric prosthetic connection: An in vitro investigation. Implant. Dent. 2017, 26, 756-761. [CrossRef]
[PubMed]

Gorth, D.J.; Puckett, S.; Ercan, B.; Webster, T.]J.; Rahaman, M.; Bal, B.S. Decreased bacteria activity on Si3)N(4)
surfaces compared with PEEK or titanium. Int. |. Nanomed. 2012, 7, 4829-4840. [CrossRef]

Hahnel, S.; Wieser, A.; Lang, R.; Rosentritt, M. Biofilm formation on the surface of modern implant abutment
materials. Clin. Oral Implant. Res. 2015, 26, 1297-1301. [CrossRef]

Webster, T.].; Patel, A.A.; Rahaman, M.N.; Bal, B.S. Anti-infective and osteointegration properties of silicon
nitride, poly(ether ether ketone), and titanium implants. Acta Biomater. 2012, 8, 4447-4454. [CrossRef]
Barkarmo, S.; Longhorn, D.; Leer, K.; Johansson, C.B.; Stenport, V.; Franco-Tabares, S.; Kuehne, S.A.;
Sammons, R. Biofilm formation on polyetheretherketone and titanium surfaces. Clin. Exp. Dent. Res. 2019, 5,
427-437. [CrossRef]


http://dx.doi.org/10.1111/prd.12185
http://dx.doi.org/10.1111/cid.12773
http://dx.doi.org/10.1111/jre.12479
http://dx.doi.org/10.1016/j.jdent.2019.04.007
http://dx.doi.org/10.1563/AAID-JOI-D-11-00002
http://dx.doi.org/10.1111/j.1708-8208.2012.00454.x
http://www.ncbi.nlm.nih.gov/pubmed/24533568
http://dx.doi.org/10.1016/j.biomaterials.2007.07.013
http://www.ncbi.nlm.nih.gov/pubmed/17686513
http://dx.doi.org/10.4317/medoral.19958
http://www.ncbi.nlm.nih.gov/pubmed/25129253
http://dx.doi.org/10.1080/01694243.2019.1706797
http://dx.doi.org/10.1016/j.msec.2017.05.031
http://www.ncbi.nlm.nih.gov/pubmed/28629028
http://dx.doi.org/10.1016/j.matchemphys.2018.11.027
http://dx.doi.org/10.1007/s10856-018-6139-0
http://dx.doi.org/10.1016/j.jpor.2015.10.001
http://dx.doi.org/10.1016/j.ajoms.2013.04.006
http://dx.doi.org/10.1002/(SICI)1097-4636(199603)30:3&lt;403::AID-JBM15&gt;3.0.CO;2-K
http://dx.doi.org/10.1002/jbm.a.35987
http://www.ncbi.nlm.nih.gov/pubmed/28000413
http://dx.doi.org/10.1097/ID.0000000000000657
http://www.ncbi.nlm.nih.gov/pubmed/28945671
http://dx.doi.org/10.2147/IJN.S35190
http://dx.doi.org/10.1111/clr.12454
http://dx.doi.org/10.1016/j.actbio.2012.07.038
http://dx.doi.org/10.1002/cre2.205

Antibiotics 2020, 9, 609 19 of 21

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Deng, L.; Deng, Y.; Xie, K. AgNPs-decorated 3D printed PEEK implant for infection control and bone repair.
Colloids Surf. B Biointerfaces 2017, 160, 483-492. [CrossRef]

Deng, L.; He, X; Xie, K.; Xie, L.; Deng, Y. Dual therapy coating on micro/nanoscale porous polyetheretherketone
to eradicate biofilms and accelerate bone tissue repair. Macromol. Biosci. 2019, 19, 1800376. [CrossRef]

Deng, Y.,; Yang, L.; Huang, X.; Chen, J.; Shi, X.; Yang, W.; Hong, M.; Wang, Y.; Dargusch, M.S.; Chen, Z.
Dual Ag/ZnO-Decorated Micro-/nanoporoussulfonatedpolyetheretherketone with superior antibacterial
capability and biocompatibility via layer-by-layer self-assembly strategy. Macromol. Biosci. 2018, 18, 1800028.
[CrossRef]

Diez-Pascual, A.M.; Diez-Vicente, A.L. Development of nanocomposites reinforced with carboxylated
poly(ether ether ketone) grafted to zinc oxide with superior antibacterial properties. ACS Appl. Mater. Interfaces
2014, 6, 3729-3741. [CrossRef]

Diez-Pascual, A.M.; Diez-Vicente, A.L. Nano-TiO, reinforced PEEK/PEI blends as biomaterials for
load-bearing implant applications. ACS Appl. Mater. Interfaces 2015, 7, 5561-5573. [CrossRef] [PubMed]
Gan, K,; Liu, H,; Jiang, L.; Liu, X,; Song, X.; Niu, D.; Chen, T; Liu, C. Bioactivity and antibacterial effect
of nitrogen plasma immersion ion implantation on polyetheretherketone. Dent. Mater. 2016, 32, 263-274.
[CrossRef] [PubMed]

He, X.; Deng, Y.; Yu, Y.,; Lyu, H.; Liao, L. Drug-loaded/grafted peptide-modified porous PEEK to promote bone
tissue repair and eliminate bacteria. Colloids Surf. B Biointerfaces 2019, 181, 767-777. [CrossRef] [PubMed]
Lu, T,; Li, J; Qian, S.; Cao, H.; Ning, C.; Liu, X. Enhanced osteogenic and selective antibacterial activities on
micro-/nano-structured carbon fiber reinforced polyetheretherketone. J. Mater. Chem. B 2016, 4. [CrossRef]
Montero, J.F; Barbosa, L.C.; Pereira, U.A.; Barra, G.M.; Fredel, M.C.; Benfatti, C.A.M.; Magini, R.S,;
Pimenta, A.L.; Souza, ] M. Chemical, microscopic, and microbiological analysis of a functionalized
poly-ether-ether-ketone-embedding antibiofilm compounds. |. Biomed. Mater. Res. A 2016, 104, 3015-3020.
[CrossRef]

Montero, J.F.; Tajiri, H.A.; Barra, G.M.; Fredel, M.F,; Benfatti, C.A.M.; Magini, R.S.; Pimenta, A.L.; Souza, ] M.
Biofilm behavior on sulfonated poly(ether-ether-ketone) (SPEEK). Mater. Sci. Eng. C Mater. Biol. Appl. 2017,
70, 456-460. [CrossRef]

Ouyang, L.; Deng, Y.; Yang, L.; Shi, X.; Dong, T.; Tai, Y.; Yang, W.; Chen, Z. Graphene-oxide-decorated
microporous polyetheretherketone with superior antibacterial capability and in vitro osteogenesis for
orthopedic implant. Macromol. Biosci. 2018, 18. [CrossRef]

Ouyang, L.; Zhao, Y;; Jin, G.; Lu, T,; Li, J.; Qiao, Y.; Ning, C.; Zhang, X.; Chu, PK,; Liu, X. Influence of
sulfur content on bone formation and antibacterial ability of sulfonated PEEK. Biomaterials 2016, 83, 115-126.
[CrossRef] [PubMed]

Rochford, E.-T.].; Poulsson, A.H.C.; Varela, S.].; Richards, R.G.; Moriarty, T.F. Bacterial adhesion to orthopaedic
implant materials and a novel oxygen plasma modified PEEK surface. Colloids Surf. B Biointerfaces 2014, 113,
213-222. [CrossRef] [PubMed]

Rochford, E.T.J.; Subbiahdoss, G.; Moriarty, T.F; Poulsson, A.H.; van der Mei, H.C.; Busscher, H.].;
Richards, R.G. An in vitro investigation of bacteria-osteoblast competition on oxygen plasma-modified PEEK.
J. Biomed. Mater. Res. A 2014, 102, 4427-4434. [CrossRef]

Tateishi, T.; Kyomoto, M.; Kakinoki, S.; Yamaoka, T.; Ishihara, K. Reduced platelets and bacteria adhesion on
poly(ether ether ketone) by photoinduced and self-initiated graft polymerization of 2-methacryloyloxyethyl
phosphorylcholine. J. Biomed. Mater. Res. A 2014, 102, 1342-1349. [CrossRef] [PubMed]

Tran, N.; Kelley, M.N.; Tran, P.A.; Garcia, D.R; Jarrel, ].D.; Hayda, R.A.; Born, C.T. Silver doped titanium
oxide-PDMS hybrid coating inhibits Staphylococcus aureus and Staphylococcus epidermidis growth on PEEK.
Mater. Sci. Eng. C Mater. Biol. Appl. 2015, 49, 201-209. [CrossRef] [PubMed]

Rehman, M.A.; Ferraris, S.; Goldmann, W.H.; Perero, S.; Bastan, FE.; Nawaz, Q.; di Confiengo, G.G;
Ferraris, M.; Boccaccini, A.R. Antibacterial and bioactive coatings based on radio frequency co-sputtering
of silver nanocluster-silica coatings on PEEK/bioactive glass layers obtained by electrophoretic deposition.
ACS Appl. Mater. Interfaces 2017, 9, 32489-32497. [CrossRef] [PubMed]

Wang, L.; Shu He, S.; Wu, X;; Liang, S.; Mu, Z.; Wei, J.; Deng, E; Deng, Y.; Wei, S. Polyetheretherketone/nano-
fluorohydroxyapatite composite with antimicrobial activity and osseointegration properties. Biomaterials 2014,
35, 6758-6775. [CrossRef]


http://dx.doi.org/10.1016/j.colsurfb.2017.09.061
http://dx.doi.org/10.1002/mabi.201800376
http://dx.doi.org/10.1002/mabi.201800028
http://dx.doi.org/10.1021/am500171x
http://dx.doi.org/10.1021/acsami.5b00210
http://www.ncbi.nlm.nih.gov/pubmed/25706225
http://dx.doi.org/10.1016/j.dental.2016.08.215
http://www.ncbi.nlm.nih.gov/pubmed/27578287
http://dx.doi.org/10.1016/j.colsurfb.2019.06.038
http://www.ncbi.nlm.nih.gov/pubmed/31234064
http://dx.doi.org/10.1039/C6TB00268D
http://dx.doi.org/10.1002/jbm.a.35842
http://dx.doi.org/10.1016/j.msec.2016.09.017
http://dx.doi.org/10.1002/mabi.201800036
http://dx.doi.org/10.1016/j.biomaterials.2016.01.017
http://www.ncbi.nlm.nih.gov/pubmed/26773668
http://dx.doi.org/10.1016/j.colsurfb.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24103502
http://dx.doi.org/10.1002/jbm.a.35130
http://dx.doi.org/10.1002/jbm.a.34809
http://www.ncbi.nlm.nih.gov/pubmed/23720384
http://dx.doi.org/10.1016/j.msec.2014.12.072
http://www.ncbi.nlm.nih.gov/pubmed/25686940
http://dx.doi.org/10.1021/acsami.7b08646
http://www.ncbi.nlm.nih.gov/pubmed/28857546
http://dx.doi.org/10.1016/j.biomaterials.2014.04.085

Antibiotics 2020, 9, 609 20 of 21

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wang, Q.; Jaramillo, A.M.; Pavon, ].J.; Webster, T.J. Red selenium nanoparticles and gray selenium nanorods as
antibacterial coatings for PEEK medical devices. J. Biomed. Mater. Res. B Appl. Biomater. 2016, 104, 1352-1358.
[CrossRef]

Wang, X.; Lu, T.; Wen, ].; Xu, L.; Zeng, D.; Wu, Q.; Cao, L.; Lin, S.; Liu, X,; Jiang, X. Selective responses of
human gingival fibroblasts and bacteria on carbon fiber reinforced polyetheretherketone with multilevel
nanostructured TiO,. Biomaterials 2016, 83, 207-218. [CrossRef]

Xu, X.; Li, Y.; Wang, L.; Li, Y,; Pan, J.; Fu, X,; Luo, Z,; Sui, Y.; Zhang, S.; Wang, L.; et al. Triple-functional
polyetheretherketone surface with enhanced bacteriostasis and anti-inflammatory and osseointegrative
properties for implant application. Biomaterials 2019, 212, 98-114. [CrossRef]

Yan, ].; Zhou, W.; Jia, Z.; Xiong, P.; Li, Y.; Wang, P; Li, Q.; Cheng, Y.; Zheng, Y. Endowing polyetheretherketone
with synergistic bactericidal effects and improved osteogenic ability. Acta Biomater. 2018, 79, 216-229.
[CrossRef]

Yuan, X.; Ouyang, L.; Luo, Y.; Sun, Z.; Yang, C.; Wang, J.; Liu, X.; Zhang, Z. Multifunctional sulfonated
polyetheretherketone coating with beta-defensin-14 for yielding durable and broad-spectrum antibacterial
activity and osseointegration. Acta Biomater. 2019, 86, 323-337. [CrossRef]

Zhang, J.; Wei, W,; Yang, L.; Pan, Y.; Wang, X.; Wang, T.; Tang, S.; Yao, Y.; Hong, H.; Wei, J. Stimulation of
cell responses and bone ingrowth into macro-microporous implants of nano-bioglass/polyetheretherketone
composite and enhanced antibacterial activity by release of hinokitiol. Colloids Surf. B Biointerfaces 2018, 164,
347-357. [CrossRef]

Ouyang, L.; Qi, M.; Wang, S.; Tu, S.; Li, B.; Deng, Y.; Yang, W. Osteogenesis and antibacterial activity of
graphene oxide and dexamethasone coatings on porous polyetheretherketone via polydopamine-assisted
chemistry. Coatings 2018, 8, 203. [CrossRef]

Schwarz, F.; Derks, J.; Monje, A.; Wang, H. Peri-implantitis. ]. Clin. Periodontol. 2018, 45, 246-266. [CrossRef]
Rakic, M.; Grusovin, M.G.; Canullo, L. The microbiologic profile associated with peri-implantitis in humans:
A systematic review. Int. ]. Oral Maxillofac. Implant. 2016, 31, 359-368. [CrossRef] [PubMed]
Padial-Molina, M.; Lopez-Martinez, J.; O’Valle, F.; Galindo-Moreno, P. Microbial profiles and detection
techniques in peri-implant diseases: A systematic review. J. Oral Maxillofac. Res. 2016, 7, e10. [CrossRef]
Faot, F; Nascimento, G.G.; Bielemann, A.M.; Campao, T.D.; Leite, ER.; Quirynen, M. Can peri-implant crevicular
fluid assist in the diagnosis of peri-implantitis? A systematic review and meta-analysis. ]. Periodontol. 2015, 86,
631-645. [CrossRef]

Teughels, W.; Assche, N.V,; Sliepen, I.; Quirynen, M. Effect of material characteristics and/or surface
topography on biofilm development. Clin. Oral Implant. Res. 2006, 17, 68-81. [CrossRef]

Ceri, H.; Olson, M.E.; Stremick, C.; Read, R.R.; Morck, D.; Buret, A. The Calgary biofilm device:
New technology for rapid determination of antibiotic susceptibilities of bacterial biofilms. J. Clin. Microbiol.
1999, 37, 1771-1776. [CrossRef]

Rams, T.E.; Degener, J.E.; van Winkelhoff, A J. Antibiotic resistance in human peri-implantitis microbiota.
Clin. Oral Implant. Res. 2014, 25, 82-90. [CrossRef] [PubMed]

Natrah, FM.I; Kenmegne, M.M.; Wiyoto, W.; Sorgeloos, P.; Bossier, P.; Defoirdt, T. Effects of micro-algae
commonly used in aquaculture on acyl-homoserine lactone quorum sensing. Aquaculture 2011, 317, 53-57.
[CrossRef]

Hentzer, M.; Givskov, M. Pharmacological inhibition of quorum sensing for the treatment of chronic bacterial
infections. J. Clin. Investig. 2003, 112, 1300-1307. [CrossRef]

Katzer, A.; Marquardt, H.; Westendorf, J.; Wening, J.V.; von Foerster, G. Polyetheretherketone cytotoxicity
and mutagenicity in vitro. Biomaterials 2002, 23, 1749-1759. [CrossRef]

Suska, F.; Omar, O.; Emanuelsson, L.; Taylor, M.; Gruner, P.; Kinbrum, A.; Hunt, D.; Hunt, T.; Taylor, A.;
Palmquist, A. Enhancement of CRF-PEEK osseointegration by plasma-sprayed hydroxyapatite: A rabbit
model. ]. Biomater. Appl. 2014, 29, 234-242. [CrossRef] [PubMed]

Bakar, M.S.A.; Cheng, M.H.-W.; Tang, S.M.; Yu, S.C.; Liao, K.; Tan, C.T.; Khor, K.A.; Cheang, P. Tensile properties,
tension-tension fatigue and biological response of polyetheretherketone-hydroxyapatite composites for
load-bearing orthopedic implants. Biomaterials 2003, 24, 2245-2250. [CrossRef]

Rabiei, A.; Sandukas, S. Processing and evaluation of bioactive coatings on polymeric implants. J. Biomed.
Mater. Res. A 2013, 101, 2621-2629. [CrossRef]


http://dx.doi.org/10.1002/jbm.b.33479
http://dx.doi.org/10.1016/j.biomaterials.2016.01.001
http://dx.doi.org/10.1016/j.biomaterials.2019.05.014
http://dx.doi.org/10.1016/j.actbio.2018.08.037
http://dx.doi.org/10.1016/j.actbio.2019.01.016
http://dx.doi.org/10.1016/j.colsurfb.2018.01.058
http://dx.doi.org/10.3390/coatings8060203
http://dx.doi.org/10.1111/jcpe.12954
http://dx.doi.org/10.11607/jomi.4150
http://www.ncbi.nlm.nih.gov/pubmed/26478978
http://dx.doi.org/10.5037/jomr.2016.7310
http://dx.doi.org/10.1902/jop.2015.140603
http://dx.doi.org/10.1111/j.1600-0501.2006.01353.x
http://dx.doi.org/10.1128/JCM.37.6.1771-1776.1999
http://dx.doi.org/10.1111/clr.12160
http://www.ncbi.nlm.nih.gov/pubmed/23551701
http://dx.doi.org/10.1016/j.aquaculture.2011.04.038
http://dx.doi.org/10.1172/JCI20074
http://dx.doi.org/10.1016/S0142-9612(01)00300-3
http://dx.doi.org/10.1177/0885328214521669
http://www.ncbi.nlm.nih.gov/pubmed/24496230
http://dx.doi.org/10.1016/S0142-9612(03)00028-0
http://dx.doi.org/10.1002/jbm.a.34557

Antibiotics 2020, 9, 609 21 of 21

75. Lee, W,; Koak, J.; Lim, Y,; Kim, S.; Kwon, H.; Kim, M. Stress shielding and fatigue limits of poly-ether-
ether-ketone dental implants. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100, 1044-1052. [CrossRef]

76. Mishra, S.; Chowdhary, R. PEEK materials as an alternative to titanium in dental implants: A systematic
review. Clin. Implant. Dent. Relat. Res. 2018. [CrossRef]

77. Sordi, M.B.; Moreira, T.A.; Montero, J.ED.; Barbosa, L.C.; Benfatti, C.A.M.; Magini, R.S.; Pimenta, A.L.;
Souza, ].C.M. Effect of y-lactones and y-lactams compounds on Streptococcus mutans biofilms. J. Appl. Oral Sci.
2018, 26, €20170065. [CrossRef]

78. Koutouzis, T.; Richardson, J.; Lundgren, T. Comparative soft and hard tissue responses to titanium and
polymer healing abutments. J. Oral Implant. 2011, 37, 174-182. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1002/jbm.b.32669
http://dx.doi.org/10.1111/cid.12706
http://dx.doi.org/10.1590/1678-7757-2017-0065
http://dx.doi.org/10.1563/AAID-JOI-D-09-00102.1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Strategies to Reduce Biofilm Formation in PEEK Materials Applied to Implant Dentistry 
	Study Characteristics 
	Available Strategies to Reduce Biofilm Formation on PEEK Materials 
	Microbiological Analysis 
	Physicochemical and Topographical Characterization 

	Discussion 
	Conclusions 
	References

