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two parts: The implant itself, displaying in 
most cases a screw design, which is inte-
grated into the jaw of the patient. This is 
combined with an abutment that guar-
antees the proper placement of a dental 
prosthesis, commonly a dental crown.[11] 
In literature, over 1300 types of commer-
cial dental implants have been reported, in 
varying form, material, interface proper-
ties, and geometries.[12] Since more than 
60 years, the use of titanium or titanium 
alloys is state-of-the-art and still the golden 
standard in dental applications world-
wide.[13–15] Introduced in the early 50s, this 
metal-based implant material is used in 
the majority of dental implant surgeries, 
using a dental implant, which is character-
ized by the above-mentioned screw design. 
Because of the screw-design geometry, 
placing the implant in the patient’s jaw 
guarantees primary mechanical stability, 
enabling the wound to heal and allowing 
bone-cells to form new bone.[16,17]

In the healing phase, the periimplant 
bone of the jaw gets into direct contact 

with the oxide layer of the titanium implant surface (bone-
implant contact [BIC]), which is always spontaneously formed 
through contact with air.[18] Nowadays, the optimization of the 
implant surfaces is still an essential object of scientific investi-
gations.[19–26] Within these investigations, specific factors, such 
as a certain roughness of the implant surface, have been shown 
to influence the osseointegration of an implant positively.[27–30]

1.1. Disadvantages of Titanium as Implant Material in Dental 
Applications

Conventional dental implants are commonly made of tita-
nium or titanium alloys due to their known osseointegra-
tive characteristics. However, problems are being discussed 
in literature, which may be associated with their material 
characteristics within the patient’s body, such as hypersen-
sitivity, or peri-implant bone overload.[31] Titanium has an 
elastic modulus (E-modulus) of 110 GPa.[32] For cortical 
bone, an elastic modulus of 13.8 GPa and for spongy bone, 
an E-modulus of 1.38 GPa[33] are reported in the literature. 
This difference of the elastic moduli is discussed as a risk 
of potential mechanical overloading of the bone, leading to 
damage of the surrounding parent bone and bone resorp-
tion (so-called “stress-shielding”).[34–37] Nevertheless, this 

Polyetheretherketone (PEEK) is a promising implant material because of its 
excellent mechanical characteristics. Although this polymer is a standard 
material in spinal applications, PEEK is not in use in the manufacturing of 
dental implants, where titanium is still the most-used material. This may be 
caused by its relative bio-inertness. By the use of various surface modification 
techniques, efforts have been made to enhance its osseointegrative character-
istics to enable the polymer to be used in dentistry. In this feature paper, the 
state-of-the-art for dental implants is given and different surface modification 
techniques of PEEK are discussed. The focus will lie on a covalently attached 
surface layer mimicking natural bone. The usage of such covalently anchored 
biomimetic composite materials combines many advantageous properties: A 
biocompatible organic matrix and a mineral component provide the cells with 
a surrounding close to natural bone. Bone-related cells may not recognize 
the implant as a foreign body and therefore, may heal and integrate faster 
and more firmly. Because neither metal-based nor ceramics are ideal material 
candidates for a dental implant, the combination of PEEK and a covalently 
anchored mineralized biopolymer layer may be the start of the desired evolu-
tion in dental surgery.

1. Introduction

Dental implants are designed and manufactured to act as arti-
ficial replacements of natural dental roots. They are intended 
to provide a stable anchorage for fixed or removable dental 
prostheses,[1–7] and as such they enhance the quality of life for 
humans with dental degenerations or for partly or fully edentu-
lous patients.[8–10] Most dental implant systems are divided into 
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theory is argumentatively incomplete,[38] as the overloading 
phenomenon described above may only appear in combina-
tion with the presence of bacterial plaque,[39] but in this con-
text, it must be stated that titanium has a high affinity for 
plaque deposition, which is an additional possible risk for 
inflammatory reactions, resulting in peri-implantitis.[40] Cor-
rosion is also another problem generally related to titanium 
and titanium alloy implants, as no metal or alloy is entirely 
inert to corrosion.[41] For instance, the biocompatibility of 
Ti-6Al-4V has since been called into question due to reports 
of the gradual release of aluminum and vanadium ions, from 
the surface, which can cause local adverse tissue reactions 
and immunological responses.[42,43] Thus, researchers con-
tinue to search for titanium alloys with improved strength, 
yet lacking any toxic elements, for medical applications. An 
alloy containing zirconium has been demonstrated to pos-
sess the required mechanical strength and a good resist-
ance to corrosion in biological fluids[44,45]; however, the 
elastic modulus of this alloy still remains within the range 
of values of a conventional titanium alloy.[46] In dental 
applications, released metal ions can cause an inflamma-
tory reaction against the implant resulting in implant loss 
or peri-implantitis. Patients suffering from titanium intol-
erance are well documented in the literature.[47–50] Further-
more, from an aesthetical point of view, a metallic implant 
can be disadvantageous for many patients because the 
gray color of the implant often is visible through the patient’s 
mucosa.[51]

1.2. The Use of Zirconium Dioxide in Dental Applications

15 years ago, zirconium dioxide, more commonly known as 
“zirconia”, an implantable ceramic material, was introduced as 
an alternative material for titanium.[52,53] Compared to titanium 
implants, ceramic implants have comparable osseointegra-
tive characteristics,[54–56] but zirconium dioxide shows a lower 
affinity to plaque than titanium.[56–58] Nowadays, about 5% of 
dental implants worldwide are made from ceramics.

The E-modulus of 210 GPa can be seen as a disadvan-
tage of zirconium dioxide.[59] Nevertheless, mechanical 
testing using a finite element analysis demonstrated a better 
transfer of the simulated load through the implant to the 
patient’s bone as compared to titanium.[60,61] Besides these 
positive material characteristics, unsolved problems with 
these implants are aging, implant-degradation, and its brit-
tleness. Low temperatures in aqueous surroundings affect 
the mechanical quality of the material.[56] In addition, there 
are currently no long-term clinical studies available, which 
can provide enough evidence to prove long-term safety and 
performance of zirconium dioxide implants as a real alterna-
tive to titanium implants.[56,62] In literature, chipping of the 
veneering porcelain has been reported as one of the main 
clinical setbacks during application.[63] This is due to the fact 
that ceramics are not able to withstand a deformation strain 
of more than 0.1–0.3% without fracturing and are susceptible 
to fatigue fracture.[63]
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1.3. Polyetheretherketone as a Possible Alternative Material in 
Dental Applications

Because both titanium and zirconium dioxide have drawbacks, 
efforts have been made to introduce polyetheretherketone 
(PEEK) as an alternative implant material for dental applica-
tions and to enhance the osseointegrative characteristics of 
the polymer by various coating materials and coating tech-
niques.[64,65] Doing this, a stable anchorage of the medical device 
may be guaranteed, which results not only from the implant 
design and its geometry but also by inherently achieving a high 
percentage of BIC.

Over the past few years, PEEK and its composites have 
attracted a great deal of interest from material scientists and 
orthopedists. It is a semi-crystalline, high-molecular-weight ther-
moplastic polymer of the polyaryletherketone polymer family 
and is described as a high-performance polymer with excellent 
mechanical and chemical properties. Already in the 1990s, PEEK 
was certified by the U.S. Food and Drug Administration as an 
implantable-grade material. It is especially important in ortho-
pedic and traumatic applications and is commonly used in verte-
bral surgery as a material of interbody fusion cages. PEEK is also 
used in the reconstruction of defects in the skull.[66–68] Nowadays, 
polymers are known in dental applications but strongly limited to 
the use in healing abutments made of PEEK or in the manufac-
turing of prosthetic dental medical devices.

Pure PEEK has an E-modulus of 3–4 GPa,[69] close to that 
of the natural bone and in between that of cortical and spongy 
bone. This describes an essential advantage compared with 
conventional titanium-based implants. A further advantage 
of PEEK is its readiness to be combined with other materials, 
which will be addressed further in this article.[70] This allows for 
an easy adjustment of the mechanical properties of PEEK even 
closer to the natural bone. This material property may prevent 
the undesirable “stress shielding” phenomenon.[71] Further-
more, PEEK has good resistance to wear and fatigue, resulting 
in a low coefficient of friction (0.10–0.17) for a large range 
of sliding conditions, especially when reinforced by carbon 
fibers.[72,73] This is even lower than has been determined for 
titanium alloys (0.36) under tribocorrosion conditions against 
Al2O3 (0.07).[74,75]

Another positive material characteristic of PEEK or PEEK 
composites is their radiolucency: PEEK-based implants do not 
cause any artifacts in computer tomography and magnetic 
resonance tomography and allow for better observation of the 
healing phase post-op.[76–79]

PEEK exhibits good biocompatibility in vitro and in vivo, 
causing neither toxic or mutagenic effects nor clinically signifi-
cant inflammation. However, PEEK is considered biologically 
inert, which has limited its potential applications. Therefore, 
improving the bioactivity of PEEK is a considerable challenge 
that is addressed in numerous strategies.

2. General Strategies to Improve the Bioactivity 
of PEEK

Generally, many features and properties of the materials deter-
mine cellular interaction with surfaces. Additionally, the initial 

contact with water and proteins has to be considered, as blood 
is the first component a bone implant comes in contact with 
upon implantation. A favorable surface allows for sufficient 
protein adsorption, in the optimal case with a good protein 
orientation and receptor–ligand accessibility.[80,81] The general 
surface wettability might also play a further role in this, as pro-
tein adsorption onto a surface is controlled by hydrophobicity, 
charge, and chemical properties. These features, in return, also 
have an influence on cellular behavior on the surface.[82]

Not only the physico-chemical composition of a bioma-
terial but also the surface topography of a solid substrate 
regulates cellular adhesion, migration, proliferation, and dif-
ferentiation.[83–85] Many of these factors influence each other 
upon modification. Currently, two general strategies are being 
explored to enhance the general osseointegration of PEEK in 
cementless applications, comprising bioactive composite prepa-
rations (Figure 1(1)) and surface modifications (Figure 1(2)). 
Among these, the strategies utilizing surface modifications 
demonstrate the largest and most versatile group due to its 
numerous options to combine single synthesis routes.

2.1. Composite Preparation

Polymer (nano-)composites have attracted considerable atten-
tion and interest worldwide during the last decades. In an 
attempt to combine the favorable mechanical properties of 
PEEK with advantageous properties of several bioactive com-
pounds or to enhance the physicochemical and mechanical 
properties, many combinations of compounds with PEEK 
have been investigated. One prominent group comprises the 
carbon fiber reinforced PEEK (CFR PEEK) composites, which 
are already known for a long time due to their versatility, 
compatibility with modern imaging technologies, adjustable 
mechanical properties, and biocompatibility.[86,87] Other poten-
tial composites with PEEK include carbon nanotubes (CNTs);[87] 
TiO2-;[88] ZrO2-;[89] Al2O3-;[90–92] Si3N4-;[93–95] ZnO-;[96] SiO2-;[97] 
SiC-;[98] calcium silicate[68,99] nanoparticles; bioglass; combina-
tions of soft-hard nanoparticles, such as Bi2O3-SiO2, CuO-SiO2, 
or WS2-SiC;[100] polymer blends; or mixtures of the aforemen-
tioned.[101–103] These composite materials did not only demon-
strate significantly improved mechanical properties but also a 
better in vitro biocompatibility when compared to pure PEEK. 
However, for dental applications, the color of the composite 
materials is of importance because an implant with a color 
other than white can cause a dark shimmer of the peri-implant 
soft tissue in cases of thin biotype mucosa and/or mucosa 
recession around the implant.[104–107] This is also a yet unsolved 
problem, for example, for CFR PEEK as well as CNT-filled 
PEEK, which are black and therefore visible.

Considering that natural bone consists of about 70 wt% of 
carbonated hydroxyapatite (HA), several methods have been 
developed to blend different calcium phosphate particles with 
the polymer to produce bioactive PEEK composites. Such 
PEEK-HA composites with different volume fractions of HA 
up to 40 vol% were evaluated in vitro and in vivo. These studies 
showed that the composites demonstrated an increased pres-
ence of fibroblast cells at the implant surface, which stimu-
lates vascularization.[108] Other potential calcium phosphate 
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phases, with compositions close to HA, which are β-tricalcium 
phosphate[109] or ionically substituted calcium phosphates, 
such as Sr-substituted HA,[110] partially fluoride substituted 
HA,[111] as well as mixtures of the above mentioned, can be 
prepared and incorporated as well. Although in vitro and in 
vivo studies have provided encouraging results regarding the 
bioactivity of such PEEK-HA composites, the reports from 
mechanical characterization are diverse, addressing different 
disadvantages with respect to clinical applications. On the one 
hand, loading PEEK with HA particles gives rise to the pos-
sibility to adjust the elastic modulus close to that of human 
cortical bone, an increase of the HA content also resulted in 
an increase of the tensile modulus and microhardness, and a 
decrease of the tensile strength and strain to fracture.[108,112] 
However, in contrast to carbon and glass fiber additives, HA, 
in particular, does not show a robust physical/chemical affinity 
to the PEEK matrix itself, due to the high chemical contrast 
between the two materials resulting in only a weak binding of 
the HA particles to PEEK (Figure 2).[112] Thus, such PEEK-HA 
composites show great promise as bioactive implants but may 
involve a trade-off in the load-carrying capacity relative to other 
PEEK composites.

2.2. Surface Modification Methods

As discussed above, the bone–implant interface plays a crucial 
role in determining the cellular behavior and in the end, the 
general performance of an implant. Immediate and fast fixa-
tion of the implant in the surrounding bone not only ensures 

mechanical stability but also increases the success rate and lon-
gevity of the implant. Controlling and engineering the surface 
composition, its texture, and properties can provide a powerful 
tool to help assure a fast bone-implant fixation. The modifica-
tion of the implant surface provides a pivotal opportunity to 
change the interaction properties of the surface and the sur-
rounding tissue while still retaining advantageous bulk mechan-
ical properties. Furthermore, combinations of the different 
modification methods are readily available. Within the category 
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Figure 2. Scanning electron microscopy (SEM) micrograph of a PEEK-HA 
composite fracture area, demonstrating a debonding of the HA particles 
from the PEEK matrix. Reproduced with permission.[112] Copyright 2004, 
Elsevier. Scale bar: 50 µm.

Figure 1. General strategies to improve the biocompatibility of PEEK.
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of surface modifications intended to improve general features, 
such as biocompatibility, osseointegration, or antifouling, three 
general strategies can be differentiated. The group of physical 
treatment (Section 2.2.1) comprises all methods intended to 
directly change surface chemistry or topography through phys-
ical means. These include the physical modifications to create 
specific functional groups, increase the surface roughness, 
or to create regular surface patterns. The group of deposition 
techniques (Section 2.2.2) summarizes all methods intended to 
deposit materials, such as a mineral, peptides, or proteins, on 
the surface. The resulting coatings are usually characterized by 
a non-covalent interaction to the surface. The last group of wet 
chemical methods (Section 2.2.3) comprises all methods used 
to chemically change the surface by immersing the surface in a 
liquid utilizing wet chemical reactions.

2.2.1. Physical Treatment

Physical treatment allows for a fast change of the surface prop-
erties, and these methods can often be readily combined with 
subsequent reaction steps to further broaden the applications. 
However, an inherent disadvantage is that these methods can 
only be applied to areas that are in the direct line-of-sight, and 
are therefore difficult to apply to implants with complex shapes. 
A further disadvantage is a need for expensive equipment to 
apply the intended modification. Nonetheless, a lot of effort 
and research has been put into the development and imple-
mentation of such techniques to improve the performance of 
PEEK implants.

Chemical Modification: Next to other methods, such as laser 
treatments,[113–115] the most prominent modification tech-
nique within this group is the plasma treatment, which can 
be generally used for cleaning, etching, cross-linking, or sur-
face activation. Many different plasma atmospheres have been 
suggested to precisely alter surface chemistry and wettability. 
They comprise oxygen (O2) plasma,[116–119] H2O plasma,[111] 
nitrogen and oxygen (N2/O2) plasma,[120] ammonia (NH4) 
plasma,[121] oxygen and argon (O2/Ar) plasma,[121] ammonia/
argon (NH4/Ar) plasma,[122] and hydrogen/argon (H2/Ar) 
plasma).[122] Often, an increase in the surface roughness has 
been reported as a possible concomitant effect, thus further 
increasing adhesive properties of the surface. Using the so-
called plasma immersion ion implantation and deposition 
technique with a mixture of CH4/O2 gases during the plasma 
treatment, it is possible to deposit oxygen-rich nanofilms 
on PEEK with high surface energy, which also resulted in 
improved cell performance.[123,124]

Roughening: In addition to surface chemistry, surface topog-
raphy also has an essential influence on the behavior of cells 
on surfaces.[83–85,125–127] Macro-scale surface roughness can 
improve bone–implant fixation through mechanical inter-
locking. Surface roughness at micro-scale, however, can also 
profoundly affect the behavior of cells as surface roughness 
influences hydrophilicity. Cells commonly show different 
shapes when cultured on substrates with different roughness, 
and there is abundant evidence that the cell shapes are linked to 
their behavior, like growth and protein secretion.[84,85,125] Such 
topographies can be fabricated by sandblasting, grit blasting, 

micromachining, etching, and their combinations.[128–132] In 
vitro cultured osteoblasts showed increased adhesion, differ-
entiation, matrix production, and calcification on rough over 
smooth surfaces, whereas the formation and activity of osteo-
clasts were reduced, all favoring bone regeneration.[132,133]

Patterning: A controlled surface texture, including porosity, 
is a desirable, yet often a more expensive attribute to help 
improve the interaction between the bone implant and the 
surrounding tissue. Advancements in micro- and nano-
fabrication techniques enabled these tailored modifications 
of substrates. Several methods have been introduced to 
create regular or irregular patterns on surfaces, comprising, 
for example, photolithography,[134] ion or neutral atom beam 
lithography,[135] laser interference lithography,[136] or micro-
contact printing.[137] The general cell response to 2D synthetic 
topographic substrates depends on a wide array of properties 
and factors, including cell type, feature size and geometry, 
and the physical properties of the bulk substrate material, 
including substrate stiffness.

Quite common for biomaterials are three basic geometries, 
which include nanopit arrays, nanopost arrays, and nano-
gratings.[85,125,138] Using laser interference lithography it is 
possible to create nanogratings, featuring equidistant lamellae 
ranging from several nanometers to even micrometer interla-
mellar distance (Figure 3a). Since changes in nontopographic 
features and their sizes are often coupled with changes in 
the physicochemical properties of the surface, it is difficult to 
identify the contributing effect to the cell–surface interaction. 
Nevertheless, some general trends may be extracted from the 
growing body of literature on various biomaterials studying 
the influence of topographic features on cellular morphology, 
attachment-, adhesion-, migration-, proliferation-, and differ-
entiation behavior.[84,85] Exemplarily, it has been demonstrated 
that the direction of cellular growth is influenced by the topog-
raphy of the surface of materials they grow on, and studies 
accordingly suggest to create surfaces with structures of appro-
priate dimensions to control the attachment and growth. Fur-
thermore, it is possible to control the orientation of the cells in 
the desired growth direction, as is demonstrated in Figure 3b, 
where fibroblast cells align along the lamellae, which were cre-
ated by laser interference lithography.

2.2.2. Deposition Techniques

Another strategy to change the surface properties of mate-
rials involves the deposition of organic or inorganic sub-
stances on the surface. To produce such bioactive coatings, a 
large number of methods have been deployed, such as cold 
spray technique,[139] spin coating techniques,[140] aerosol depo-
sition,[141] ionic plasma deposition, plasma immersion ion 
implantation and deposition,[124] electron beam deposition,[142] 
vacuum plasma spraying,[143] physical vapor deposition,[144] 
microwave-assisted coating processes,[2] or by wet chemical 
precipitation.[120] Using these techniques, it is possible to coat 
many different bioactive materials, such as TiO2,[145–147] Mg,[144] 
magnesium phosphates,[2] or various calcium phosphate phases 
onto the surface of PEEK. Within this group of bioactive mate-
rials, a layer of HA often remains the material of choice and 
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is now extensively produced in industry. The rationale is that 
because of the chemical similarity of HA to the natural bone 
counterpart, the bone-related cells may not recognize the HA-
coated implant as a foreign body, and therefore may heal and 
integrate faster and more firmly. Indeed, in vitro studies and in 
vivo studies in rabbits demonstrated that HA-coated PEEK sur-
faces showed better osseointegrative properties than uncoated 
implants.[139,140]

Other calcium phosphate phases (e.g., tricalcium phosphates) 
or ionically substituted calcium phosphates (e.g., silicate-sub-
stituted strontium apatite[148]) can also be co-sprayed with HA 
to modulate the coating properties, for example, reactivity and 
resorption rate. However, within the methodology of several 
of these techniques, it is possible that the HA can decompose 
into other phases or typical ionic substitution groups within 
the crystal lattice, such as carbonate, and can be removed from 
the mineral due to the heat during the deposition, for example, 
due to the plasma flame temperature. Thus, the obtained coat-
ings can deviate from the calcium phosphate powder input. A 
further disadvantage of such deposition-based coatings is the 
usually very weak adhesion strength of the coating to the sub-
strate due to the large chemical contrast between the dissimilar 
surfaces. Therefore, it is inherently at risk of delamination due 
to its non-covalent character during load application in clinical 
use.[112,149] Additional to delamination, individual particles 
may detach from the surface upon mechanical load and cause 
inflammation. Similar to the methods that rely on physical 
treatment, a lack of direct line-of-sight might cause an inhomo-
geneous coating on the surface of the material.

2.2.3. Wet Chemical Methods

PEEK as a member of the polyaryletherketone family has an 
aromatic molecular backbone, with combinations of ketone and 
ether functional groups between the aryl rings. This particular 
chemical structure makes PEEK chemically and physically 
inert but also provides opportunities for chemical modifica-
tion. Because all wet chemical methods work by immersion of 
the PEEK-material into a reaction solution, the methods within 
this group overcome the general disadvantage of an incomplete 
coating of the implant surface due to lack of the direct line-of-
site of the physical deposition methods.

Chemical Modification: Due to the stability of PEEK, chem-
ical surface modification is quite challenging. By the treatment 
of PEEK with sulfuric acid or methane sulfonic acid, the aro-
matic backbone can be sulfonated.[150] The resulting in vitro 
cellular behavior, in vivo osseointegration, and apatite-forming 
ability of the surface-sulfonated PEEK were investigated.[151] 
The results showed that in systems with carefully removed 
residual sulfuric acid, the resulting material demonstrated 
enhanced biocompatibility and osseointegration compared with 
pure PEEK. The sulfonation process is often accompanied by 
a change in the mechanical properties. It was found that the 
crystallinity of PEEK can be reduced and the solubility of PEEK 
in different solvents changes quite drastically during sulfona-
tion, even becoming water soluble with a very high sulfonation 
degree.[150,152] Using this approach can be feasible for surface 
structuring or further surface modifications by attachment of 
further bioactive molecules.[153] For example, applying a low 
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Figure 3. The behavior of cells can be influenced by the surface topography using regular patterns. a) Scheme illustrating the influence of surface 
patterns on cells upon contact with curvature (A), pits (B), or pillars (C) with differently sharp edges (i–iii). Reproduced with permission.[84] Copyright 
2013, Taylor and Francis. b) SEM image of a regularly spaced topographic pattern on PEEK with ridges grooves, created by laser interference lithography 
(own unpublished data). c) SEM images of critical-point dried NIH3T3 fibroblasts plated on these ridge arrays. Schematics not drawn to scale (own 
unpublished data).
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degree of sulfonation and subsequent water immersion, a 3D 
porous network can be produced on PEEK (Figure 4) resem-
bling spongy bone and therefore, a promising environment for 
cells.

Further modification strategies target the keto-group as the 
anchor point toward a functionalized surface. Wet chemical 
methods open the way to the whole set of possible subsequent 
surface chemistry and immobilization strategies of a wide 
variety of molecules, which will be addressed further below. 
For most synthesis routes, the reduction of the keto-group to 
the hydroxylated polymer (PEEK-OH) poses the first step as 
a versatile intermediate for following covalent anchorage of 
molecules on the way to create functional group displaying 
surfaces. Like this, a carboxylated polymer (PEEK–COOH[154]) 
was prepared by coupling a succinic anhydride to PEEK–OH 
(Figure 5a), aminated molecules, or amino carboxylated mole-
cules[155] or even phosphorylated surfaces (PEEK-PO4H2) can be 
prepared using a phosphorous oxychloride and 2,4,6-collidine-
mediated synthesis.[154] However, in vitro evaluations of these 
modified materials remained rare so far. An investigation of 
Noiset et al. however demonstrated a higher wettability and 
increased biocompatibility on the modified materials compared 
to the unmodified PEEK using Caco2 human colon cells.[156,157] 
Further chemical functionalization possibilities lie in the direct 
amidation of the PEEK surface by the reaction with diamine 

molecules (e.g., ethylenediamine) through the creation of 
imine-moieties (Schiff base) (Figure 5b).[158]

Many other further possibilities exist to equip the surface 
with functional groups or combine several coupling techniques, 
rendering this synthesis route as a promising way to interac-
tively adjust and optimize subsequent reactions.

Surface Polymerization: In general, graft polymerization 
is performed most frequently using a surface-initiated graft 
polymerization (“grafting from”) method. With this method, 
the monomers are directly polymerized from the surface using 
suitable initiators or comonomers. The other technique com-
prises the “grafting to” methods, in which the polymer adsorbs 
or chemically binds to the substrate; for example, the reaction 
of the end groups of a polymer with the functional groups of 
the substrate. The “grafting from” method has the advantage 
over the “grafting to” method to form a high-density polymer 
interface. Using photo-initiators, it was possible to graft a bio-
compatible 2-methacryloyloxyethyl phosphorylcholine (MPC) 
onto a PEEK surface, creating a hydrophilic, nanometer-scale 
modified PEEK surface.[159] Another example demonstrates 
the synthesis of a layer of acrylic acid polymer brushes[160] 
or the polymerization of vinyl phosphonic acid on the sur-
face.[142] The authors could show that the resulting materials 
possess greatly improved biocompatibility and demonstrated 
improved osseointegrative behavior in vitro and in vivo.

UV-assisted surface photograft polymerization is a further 
example for a surface functionalization method that provides a 
short reaction time and is effective for a variety of monomers. 
Due to the inherent benzophenone structure in PEEK, it is pos-
sible to generate free radicals on exposure to UV radiation.[161] 
This can be used for a lot of further synthesis reactions, such as 
the grafting of different polymer chains on the surface of PEEK 
(Figure 6). Using this method, it was possible to functionalize 
the PEEK surface with polystyrene (PS), vinyl phosphonic acid 
(VPA), butyl acrylate (BA), acrylic acid (AA), polyacrylic acid 
(PAA), and monomethoxy-terminated oligo (ethylene glycol) 
methacrylate (MeOEGMA).[162]

Matrix Anchorage: In vivo, the natural surroundings of the 
cells within the bone is comprised of a hydroxyapatite–collagen 
composite material with a highly sophisticated structure. Next 
to the majority component HA, the other parts of natural bone 
and teeth include proteins and other large biomolecules, such 
as glycosaminoglycans. Furthermore, most cells adhere to and 

Macromol. Biosci. 2020, 20, 1900239

Figure 4. 3D porous network on a PEEK surface after sulfonation and 
subsequent water immersion.

Figure 5. Exemplary reaction mechanism of PEEK reduction to PEEK-OH (a) and surface amidation by the reaction with ethylene diamine, creating a 
Schiff base (b).
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spread on a biological matrix called the extracellular matrix 
(ECM). The ECM functions as a scaffold facilitating the transfer 
of signals to adhering cells via specific proteins (such as col-
lagen or fibronectin), which are recognized by cellular recep-
tors. Thus, the logical thought arises to equip the bioinert 
surface of PEEK with selected peptides or proteins, which are 
part of the natural surroundings of cells to improve the cellular 
response to the bone implant material. Utilizing the described 
surface-activating chemical techniques as a first step and com-
bining them with established peptide-coupling chemistry, it 
is possible to covalently bind a whole set of biocompatible 
molecules onto the surface of PEEK, overcoming the general 
risk of delamination of coatings.[163] Using this approach, it is 
also possible to covalently attach a matrix of gelatin, which is a 
denatured form of collagen, on the surface of PEEK and to min-
eralize it with calcium phosphate to produce a bone-mimetic 
surface layer.[155,164]

As it is the essential sequence mediating cell adhesion 
in many ECM proteins, the immobilization of Arg-Gly-
Asp (RGD)-containing peptides has received significant 
interest.[165,166] Consequently, RGD-containing peptides or 
proteins of different sequences and conformations have been 
immobilized onto biomaterials by many researchers.[165,167–169] 
The performance of these coatings was evaluated by in vitro 
cell cultures to test their effectiveness for cellular adhesion and 
cellular behavior, demonstrating their applicability in medical 
use. Improved cell adhesion and proliferation were reported. 
However, variables like surface peptide density or sequence 
design (e.g., flanking amino acids according to the natural 
sequence) appeared to have significant effects on the cellular 
response as well.[165]

3. The Future of Dental Implant 
Coatings—Bio-Inspired Solutions

To reach a long-term success of an implant, several factors are 
prosthetic biomechanical factors and patient hygiene crucial 
after the initial stages of osseointegration. However, to reach 
a good osseointegration and implant performance, a dental 
implant material must fulfill several, partly seemingly contra-
dictory demands, as was discussed above.

These are

•	 Translucency to X-rays or common tomography methods in 
order to allow for monitoring of the healing process

•	 Mechanical properties between cortical and trabecular 
(spongy) bone

•	 Possibility of chemical or physical surface modification both 
in topology and chemistry

•	 Primary stability
•	 Fast osseointegration for fast healing and connection to the 

existing bone tissue and the parental bone
•	 No detrimental delamination or particle loosening from the 

implant surface
•	 Easy and low-cost production from commonly available 

chemicals and syntheses strategies
•	 All these demands for itself and in combination with each 

other must fulfill regulatory requirements, allowing the new-
ly developed dental implant to enter the market

Unfortunately, a commercially available implant fulfilling 
all of the above-mentioned necessary requirements for a suc-
cessful implant does not yet exist. Therefore, there is obviously 
plenty of room for improvement of dental implants. What 
also becomes clear from the above discussion is that bioin-
spired approaches in combination with rethought implant 
geometries have a high potential to lead to a finally successful 
dental implant with vast implications on new designs of bone 
implants due to the similarity of the biomineral.

To realize the above properties, a bioinspired/biomimetic 
covalently bound coating to the implant surface, ideally only a 
few nanometers thick to ensure that each polymer chain is sur-
face connected, would be the ideal situation. If this thin surface 
layer ideally composed of collagen or gelatin is mineralized by 
calcium phosphate, the ideal modification of a bone implant—
regardless if it is PEEK, titanium, or zirconium dioxide— 
would be reached. However, in reality, the layers can be thicker 
up to a few hundred nanometers. This is potentially weakening 
the adherence of the biomimetic collagen/gelatin layer to the 
implant surface, but on the other hand, the implementation of 
the calcium–phosphate mineral generates physical cross-links 
so that, in fact, even a few hundred nanometer thick layers 
do not easily delaminate. Therefore, if the covalently linked 
polymer surface layers exceed the contour length of the pri-
marily bound polymer molecules, this does not mean that a 
thicker layer gets delaminated due to the implemented mineral 
acting as a further physical cross-linker. In fact, this situation 
corresponds to that in bulk bone. Therefore, a tunable variety 
of the surface layer thickness potentially exists by subsequent 
deposition cycles.

The coupling chemistry for PEEK was already described in 
chapter 2.2.3. The linkers for covalent surface modification 
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Figure 6. Schematic demonstration of the generation of free radicals and 
subsequent polymerization of monomers on the PEEK surface. Repro-
duced with permission.[162] Copyright 2014, Elsevier.
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of titanium or zirconium dioxide can be based on silanes/
siloxanes as an example and were already literature reported.[170] 
However, as was introduced in chapter 1, the elastic modulus 
of titanium and zirconium dioxide is by far higher than that 
of natural bone with all the discussed disadvantages, leading 
researchers to still search for better options or modifications of 
these material types for serious consideration for future dental 
or bone implants.

Due to its very good mechanical properties, PEEK itself 
would a promising polymeric candidate, but its chemical and 
biological inertness poses a major problem for its use as an 
implant material. Therefore, it is meaningful to use the already 
available coupling chemistry to this polymer, to covalently 
couple bio-inspired nanometer-thick coatings for improved 
osseointegration.

Below, we show the results of our coupling of alginic acid 
to PEEK with subsequent mineralization. Polysaccharides, such 
as alginic acid, chitosan, or hyaluronic acid, are an attractive 
alternative to proteins, as many of them are known as biocom-
patible materials for a long time. In contrast to protein-based 
biomaterials or coatings, these materials do not suffer from 
the downsides of animal-derived proteins like collagen or gel-
atin, which have an inherent danger of prion contamination 
(Creutzfeld Jacobsen disease). In addition, a refusal of collagen/
gelatin-based material may occur by patients simply because of 
religious (e.g., pig-derived sources) or ethical reasons. This is 
the basis for our first preliminary experiments toward a cova-
lently anchored alginate–calcium phosphate composite to a 
PEEK surface.

Generally, it is possible to couple alginic acid onto PEEK 
using a wet chemical route or a UV-light-assisted coupling 

route. The wet chemical synthesis route can start with a surface 
amidation (see Figure 5b), followed by the coupling of alginic 
acid via amide bonds using established carbodiimide chemistry. 
The UV-light-assisted synthesis route is demonstrated in the 
following. Within this route, the PEEK is immersed in a solu-
tion of a modified alginic acid. This modification comprises the 
coupling of a photoactive azidoaniline linker onto the COOH 
side-chains of the alginic acid with the help of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) coupling chemistry. 
Similar to the demonstrated example of hyaluronic acid,[158,171] 
azidoaniline modified alginic acid could react in a reaction 
pathway according to Scheme 1.[172,173] After irradiation with 
254 nm UV-light, the azide can decompose and a very reactive 
intermediate nitrene compound is formed.[174] This nitrene can 
partake in many chemical reactions, such as CH insertion 
reactions or cycloadditions, in this case covalently binding the 
alginic acid onto the PEEK surface.[175–177]

In order to create a surface closer to that of the natural 
bone, this matrix was subsequently mineralized with calcium 
phosphate in a closely controlled mineralization process. After 
photo-coupling of the alginate, the surface shows the appear-
ance of a spongy, homogeneous layer on the surface, partly cov-
ered by larger fibers (see Figure 7a). The water contact angle also 
decreased from previously 90° of pure PEEK to 57.42° ± 5.04° 
showing a much higher wettability. After mineralization, very 
small crystallites appeared on the surface, which can be recog-
nized due to their higher electron contrast in the image, and 
which consist of Ca and P (see Figure 7b). Furthermore, the 
water contact angle increased slightly to 73.52° ± 0.96°.

On the basis of the known literature as well as our recent 
experiments, we see the future of dental implants in the 

Macromol. Biosci. 2020, 20, 1900239

Scheme 1. Reaction scheme of the UV-light-assisted coupling of azidoaniline modified hyaluronic acid according to ref. [158].
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design and development of PEEK-based bioinspired and bio-
mimetic surfaces that promote the desired fast and lasting 
ingrowth into the surrounding bone. The use of covalently 
anchored biomimetic composite materials combines many 
advantageous properties. Covalent linkage and a thin layer pre-
vent easy delamination. An established biocompatible organic 
matrix and a mineral component provide the cells an environ-
ment similar in chemistry and structure to natural bone, ren-
dering the direct PEEK surface invisible to the human body. 
Bone-related cells may not recognize the implant as a foreign 
body, and therefore may heal and integrate faster and more 
firmly.

We expect that future research will further demonstrate 
such new bio-inspired surface designs, introducing a set of bio-
compatible, covalently anchored composite coatings. This will 

allow selecting the features required for specific implants to 
investigate the required tissue response and adjust them to the 
patient’s needs and wishes.

4. Conclusions

Because neither metal-based (e.g., titanium) nor ceramics (e.g., 
zirconium dioxide) are ideal material candidates for an optimal 
dental implant, and each of those materials shows inherent dis-
advantageous properties, it is justified to further expand and 
examine modified PEEK-materials as a promising alternative 
for dental implant applications. The different described surface-
refining technologies already show noteworthy results in vitro 
and in vivo.

Macromol. Biosci. 2020, 20, 1900239

Figure 7. First results of the chemically anchored alginate–calcium phosphate composite coating on PEEK. a) SEM micrograph of the surface topog-
raphy and water contact angle (inset) after photocoupling of alginate. b) SEM micrograph of the surface topography and water contact angle (inset) 
after mineralization with calcium phosphate. Lower panel: SEM image (left) with corresponding mapping (right) of the surface after subsequent min-
eralization of the alginate matrix with calcium phosphate.
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Consequently, the determining success lies in the combina-
tion of different technologies, based on chemical (covalently 
bound biomimetic surface layer) as well as physical surface 
modifications (topology) and new implant designs. This com-
bination of osseointegrative surface modification technolo-
gies and a clearly defined topography and implant geometry 
(design) could give PEEK-dental implants the primary stability, 
which is necessary to guarantee an optimal implant healing 
process. Further research work will be necessary to reveal this 
ideal combination for future dental implants.
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