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A B S T R A C T

Polyetheretherketone (PEEK) has gradually become the mainstream material for preparing orthopedic implants
due to its similar elastic modulus to human bone, high strength, excellent wear resistance, radiolucency, and
biocompatibility. Since the 1990s, PEEK has increasingly been used in orthopedics. Yet, the widespread appli-
cation of PEEK is limited by its bio-inertness, hydrophobicity, and susceptibility to microbial infections. Further
enhancing the osteogenic properties of PEEK-based implants remains a difficult task. This article reviews some
modification methods of PEEK in the last five years, including surface modification of PEEK or incorporating
materials into the PEEK matrix. For surface modification, PEEK can be modified by chemical treatment, physical
treatment, or surface coating with bioactive substances. For PEEK composite material, adding bioactive filler into
PEEK through the melting blending method or 3D printing technology can increase the biological activity of
PEEK. In addition, some modification methods such as sulfonation treatment of PEEK or grafting antibacterial
substances on PEEK can enhance the antibacterial performance of PEEK. These strategies aim to improve the
bioactive and antibacterial properties of the modified PEEK. The researchers believe that these modifications
could provide valuable guidance on the future design of PEEK orthopedic implants.
1. Introduction

Orthopedic implants are used in a variety of procedures, such as
spinal fusion, joint fusion, fracture fixation, nonunion repair, total hip
arthroplasty, and bone defect repair. A variety of materials have been
used as orthopedic implants, including metallic materials, autogenous
bone, ceramic materials, polymers, and so on. Among them, metal ma-
terial has a high elastic modulus. It easily leads to stress shielding in vivo.
In addition, the presence of metal often causes artifacts when taking X-
rays images. Autologous bone grafts can cause bone defects at the donor
site, which may lead to deformity and disease. Ceramic materials, like
metal materials, have high elastic modulus but poor ductility, which
cannot meet the requirements of orthopedic implants [1]. There are
many kinds of polymers and their properties can be easily changed and
tuned. Therefore, polymers may prove to be a practical material for use in
orthopedic implants once mechanical properties and biocompatibility
are fine-tuned.
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PEEK is a specially engineered plastic with a high melting point, high
modulus, high strength, corrosion resistance, and excellent processing
performance. It also provides excellent wear resistance under a variety of
different pressures, temperatures, speeds, and relative roughness contact
conditions. Based on the aforementioned advantages, researchers around
the world began to consider PEEK as an orthopedic implant in the 1980s.
A series of studies have proved that PEEK has stable chemical properties
[2]. However, increasing clinical use of PEEK has revealed rather poor
osseointegration, likely attributable to the inherent biological inertia of
PEEK [3]. Although some shortcomings of PEEK limit its clinical appli-
cation, the modified PEEK can overcome these shortcomings and is
widely used in clinical surgery (Fig. 1).

At present, PEEK implants are increasingly used as spinal cages [4],
skull or maxillofacial defect repair implants [5,6], dental implants [7],
joint replacements [8], fixation devices [9], and so on. PEEK cages are
widely used in spinal fusion due to their radiolucency and low elastic
modulus [10–12]. However, the subsidence and migration of PEEK cages
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Fig. 1. Example clinical uses of modified PEEK.
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often lead to fusion failure [13,14]. This is because PEEK has a hydro-
phobic surface that cannot absorb proteins and promote cell adhesion
[15]. An animal study reported that the surface of PEEK cages was
covered by a layer of fibrous tissue [16]; Therefore, changing the shape of
the PEEK cage and increasing the bioactivity of PEEK can prevent the
subsidence and migration of the PEEK cage. For example, improving the
surface roughness of PEEK promotes cell adhesion by sulfonation,
sandblasting, or surface coating with hydroxyapatite.

In dental applications, PEEK has an elastic modulus of 3–4 GPa [17],
which is close to that of human cancellous bone [18]. By adjusting the
ratio of carbon fiber(CF) and PEEK, the elastic moduli of carbon fiber
reinforced PEEK (CFR-PEEK) are comparable to those of human cortical
bone and dentin [19]. Moreover, the tensile properties of CFR-PEEK are
also similar to those of bone, enamel, and dentin [17,20]. In addition,
increasing the biological activity of the dental graft can enhance the
osseointegration of the graft and alveolar bone. However, studies have
shown that CFR-PEEK has mild cytotoxicity [21,22]. Therefore, it is
necessary to modify CFR-PEEK or develop new PEEK implant materials.

As for the repair of cranial or maxillofacial defects, PEEK has been
widely used in craniocerebral reconstruction in the past few years [23],
because PEEK is suitable for 3D printing with CAD surgical planning
[24–26]. However, the disadvantages are also obvious, some researchers
have reported that implant failure is mainly caused by implant infection
[24,27] and poor osseointegration [28]. Therefore, it is the key to
increasing the anti-infection ability and osseointegration ability of PEEK
implants and designing the shape of the implants. Plasma modification is
particularly suitable for biomedical implants with irregular geometries,
and plasma modification only changes the surface properties of the ma-
terial, not the mechanical properties material [29]. Therefore, plasma
modification is very suitable for PEEK modification of cranial or maxil-
lofacial repair.

The materials used for joint replacements mainly depend on the
design of the biomechanics and tribology of the materials [8,30]. For
example, the addition of carbon fibers to PEEK can alter the mechanical
2

properties of PEEK to approximate the elastic modulus of human bone
[31,32]. Wear particles generated on the articular surface can cause
macrophages to engulf debris particles, trigger the release of inflamma-
tory cytokines, and stimulate osteoclast bone resorption, which can lead
to prosthesis loosening [33,34]. Therefore, changing the mechanical
properties of PEEK and reducing wear particles are the main focus.

In fracture repair devices, doctors will usually choose stainless steel
plates or titanium alloy plates. These metal devices suffer from radiation
opacity, elastic modulus mismatch, corrosion, limited fatigue life, sus-
ceptibility to cold welding of plates and screws, and osseointegration [35,
36]. Because CFR-PEEK can improve these shortcomings [37], some re-
searchers apply CFR-PEEK to fracture repair [9,38]. However, a
comparative study pointed out that the disadvantage of CFR-PEEK rela-
tive to metal plates is the low tolerance for plastic deformation and the
risk of fracture [37]. The researchers are exploring a way to increase the
plastic deformation capacity of PEEK while reducing PEEK
osseointegration.

This article reviews the last 5 years of developments in the surface
treatment of PEEK and the addition of different materials by various
techniques to enhance the bioactivity or antibacterial performance
(Fig. 3 and Fig. 8). PEEK modified by various methods will increase the
bioactivity, osteogenic activity, and antibacterial properties of PEEK
(Fig. 2). The literature summarized in this review will provide clues for
researchers and surgeons to develop novel ways to enhance the bioac-
tivity or antimicrobial activity of PEEK in orthopedic implants. Table 1
summarizes the modification strategies to enhance the biological activity
of PEEK, and Table 3 summarizes the modification strategies to enhance
the antibacterial activity of PEEK.

2. Osteogenic activity

2.1. Surface modification

Superficial PEEK modifications mainly include bioactive material



Fig. 2. Characteristics of PEEK implants after modification. Abbreviation: ALP, Alkaline Phosphatase; OCN, Osteocalcin; OPN, Osteopontin; BMP-2, Bone
morphogenetic protein 2.

Fig. 3. PEEK modification strategies to improve bioactivity. Abbreviation: ANAB, Accelerated Neutral Atom Beam; IBAD, Ion Beam Assisted Deposition; HA,
hydroxyapatite.
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coating, chemical treatment, and physical treatment (Fig. 3). These sur-
face modifications lead to the enhancement of PEEK bioactivity, allowing
for easier integration with native bone tissue while maintaining PEEK's
original mechanical properties. However, surface modification also has
some disadvantages, such as poor adhesion due to changes in material
crystallinity and high-temperature conditions [39]. The advantages and
disadvantages of some surface modification techniques are summarized
in Table 2.

2.1.1. Bioactive material coating
Various bioactive materials are used to coat the surface of PEEK, such
3

as HA, titanium, titanium dioxide, silicate, magnesium phosphate, cal-
cium phosphate, gelatin, proteins, etc. The addition of these bioactive
coatings greatly enhanced the surface osteogenic activity of PEEK.
However, the stability of the PEEK surface coating deserves our attention.

In a case report, a patient's hip prosthesis was impacted by an external
force, which resulted in delamination at the PEEK-cobalt-chromium
interface [40]. Therefore, it is crucial to evaluate whether the coating
will debond from the polymer substrate under the action of external
force.

The improved interfacial adhesion is mainly due to physical in-
teractions such as hydrogen bonds [41]. Some previous studies have



Table 1
Modification strategies to enhance the biological activity of PEEK and its enhanced properties.

Modification strategy Coatings or Fillers Research results related to the bioactive property Reference

Hydroxyapatite coating B-nHA In vitro: increased cytocompatibility, differentiation, COL1A1 mRNA expression, and collagen
secretion.

[39]

Nanoscale HA In vivo: torque values of the tibia and femur in rabbits were higher. [48]
Nanoscale HA In vivo: improved the osteogenic ability of the rabbit femur. [49]
HA, YSZ In vivo: increased bone integration of rabbit femur. [47]

Titanium or titanium
dioxide coated PEEK

Ti In vitro: increased cytocompatibility, differentiation;
In vivo: increased regeneration of rabbit tibial.

[54]

Ti Clinical cases: better end plate maintenance of bony fusion. [55]
TiO2 In vitro: increased cytocompatibility;

In vivo: enhanced bone integration of rabbit tibia.
[56]

Methacrylate hyaluronic acid, TiO2 In vitro: increased cytocompatibility. [57]
Other surface coatings Silicate In vitro: increased osteogenic potential at the genetic and protein levels;

In vivo: improved osteointegration in rat models of osteoporosis.
[58]

AMP In vitro: enhanced apatite formation in SBF, increased osteocalcin expression of MC3T3-E1 cells. [59]
Calcium phosphate In vitro: increased cytocompatibility, and enhanced apatite formation in SBF. [60]
BMP-2, gelatin In vitro: reduced water contact Angle, increased cytocompatibility. [64]
Concentrated sulfuric acid, silk
fibroin protein, BMP

In vitro: increased cytocompatibility and differentiation. [65]

Concentrated sulfuric acid, zinc ions In vitro and in vivo: increased anti-inflammatory properties and improved osseous integration. [66]
PSS, PAH In vitro: increased hydrophilicity, increased cytocompatibility, and differentiation;

In vivo: improved osteointegration in rabbit models of osteoporosis.
[67]

Oxygen, gelatin In vivo: adhesion and proliferation of mouse embryonic fibroblasts [63]
Strontium Eucommia
polysaccharide

In vivo: promoted the proliferation and differentiation of MC3T3-E1 [73]

Strontium, chondroitin sulfate In vitro and in vivo: improved angiogenic and osteogenic abilities [77]
Sulfonation modification Concentrated sulfuric acid In vitro: SPEEK5 increased hydrophilicity and cytocompatibility. [78]

SO3 In vitro: increased cytocompatibility; enhanced apatite formation in SBF and protein
absorbability.

[87]

Concentrated sulfuric acid, calcium
phosphate particles

In vitro: enhanced apatite formation in SBF. [318]

Concentrated sulfuric acid, PDA,
RGD

In vitro: increased cytocompatibility and differentiation; enhanced apatite formation in SBF and
protein absorbability.

[89]

Concentrated sulfuric acid, Sr(OH)2,
APN, PDA

In vitro: increased cytocompatibility and differentiation. [90]

Concentrated sulfuric acid, NaOH In vitro: increased cytocompatibility and differentiation; enhanced apatite formation in SBF;
reduced water contact Angle; increased surface roughness; enhanced serum protein adsorption.

[91]

BMP-2 In vitro: increased cytocompatibility and differentiation; enhanced collagen secretion. [92]
Concentrated sulfuric acid, ASP,
BFP

In vitro: increased cytocompatibility and differentiation; improved anti-inflammatory activity. [93]

Concentrated sulfuric acid,
hydrogen peroxide

In vitro: promoted the adhesion and proliferation of human fibroblasts cells [99]

Nano-structured PEEK
surfaces

PAA, PAH In vitro: increased cytocompatibility and differentiation; improved anti-inflammatory activity;
In vivo: reduced fibrous sac formation and improved bone regeneration of rat femur.

[130]

Nanoporous lithium, NLS In vitro: increased cytocompatibility and differentiation; enhanced water absorption and protein
absorption, apatite formation in SBF;
In vivo: Enhanced bone formation of rabbit femur in comparison to PKLs and PK.

[131]

LSNs, PDA In vitro: increased cytocompatibility; enhanced apatite formation in SBF;
In vivo: promotes bone tissue response of beagle dog's femur.

[132]

Nano silicon nitride In vitro: increased cytocompatibility and differentiation; improved surface roughness,
hydrophilicity, and protein absorption;
In vivo: stimulated bone regeneration and integration in a rat model of skull defects.

[133]

Submicron nanostructures surface
(No coatings or Fillers)

In vitro: adhesion, proliferation, and osteogenic differentiation of MC3T3-E1 cells were enhanced [136]

Patterned nanorod arrays surface
(No coatings or Fillers)

In vitro: promoted the osteogenic differentiation of rat adipose stem cells
In vivo: promoted the osseointegration of rat femurs

[129]

Phosphate modification Vinyl phosphonic acid. In vitro: increased cytocompatibility and differentiation; increased hydrophilicity;
In vivo: improved bone-implant contact.

[100]

Phosphoryl chloride In vitro: increased cytocompatibility and differentiation; in vivo: enhanced osseointegration of
rabbit tibia.

[101]

Phosphoryl chloride, triethylamine,
dichloromethane

In vitro: increased cytocompatibility and differentiation; improved anti-inflammatory properties;
In vivo: improved implant-bone bond strength of rat femur.

[102]

Phosphonates In vitro: increased cytocompatibility and differentiation;
In vivo: prevented formation of the fibrous sac and promoted osseointegration in a rat model of
skull defects.

[103]

Acid treatment Hydrofluoric acid and nitric acid In vitro: increased cytocompatibility and differentiation; improved anti-inflammatory properties;
enhanced hydrophilicity.

[105]

Plasma treatment Ammonia In vitro: increased cytocompatibility and differentiation; increased hydrophilicity and roughness;
In vivo: enhanced osteosynthesis of rat femur.

[29]

Hydrogen, oxygen In vitro: increased cytocompatibility; improved hydrophilicity, surface microhardness, and
crystallinity.

[111]

H2SO4, alkaline SBF In vitro: enhanced apatite formation in SBF;
In vivo: improved bone-bonding properties and bone conductivity of rabbit tibia.

[112]

Hydrofluoric acid In vitro: increased cytocompatibility and differentiation; increased hydrophilicity of PEEK. [113]
Calcium In vitro: increased cytocompatibility and differentiation. [114]

(continued on next page)
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Table 1 (continued )

Modification strategy Coatings or Fillers Research results related to the bioactive property Reference

Oxygen, nitrogen In vitro: promoted the adhesion and proliferation of MG-63 cells [115]
ANAB treatment N/A In vitro: increased metabolic activity, proliferation, and differentiation; improved hydrophilicity

of PEEK.
[118]

IBAD treatment YSZ, HA In vitro: increased cell growth and differentiation. [120]
CFR-PEEK composites CF, amino groups In vitro: increased cytocompatibility and differentiation. [143]

CF, GO, concentrated sulfuric acid In vitro: increased cytocompatibility and differentiation; no obvious cytotoxicity;
In vivo: promoted bone formation in a rat model of skull defects.

[140]

CF, HNO3, CaCl2 In vitro: increased hydrophilicity; increased apatite formation; no cytotoxicity. [144]
CF, graphene In vitro: increased cytocompatibility and differentiation;

In vivo: increased mineral deposition rate and bone formation of rabbit femur.
[145]

CF, concentrated sulfuric acid,
CaCl2

In vitro: enhanced apatite formation in SBF. [146]

CF, CNT, HA In vitro: increased cell adhesion. [147]
CF, concentrated sulfuric acid, HA,
GO

In vitro: promotes adhesion and proliferation of MC3T3-E1 cells [148]

PEEK/HA composites HA In vitro: increased cytocompatibility and differentiation; improved apatite formation. [157]
HA In vivo: improved cervical fusion and bone growth in sheep. [158]
HA, PGA In vitro: increased cytocompatibility; enhanced apatite formation in SBF. [159]

3D printing of PEEK
composites

N/A In vitro: higher cytocompatibility in the group without polishing and sandblasting. [161]
CF In vitro: the density of cells was higher in the group without polishing and sandblasting; no

cytotoxicity.
[164]

Magnesium ion, PDA In vitro: promoted the proliferation, adhesion, and differentiation of MC3T3-E1 cells
In vivo: promoted osseointegration of rabbit femur

[172]

PEEK nano-composites MoS2, In vitro: increased cytocompatibility; improved surface roughness and hydrophilicity. [175]
NBG, HK In vitro: higher cytocompatibility and differentiation in mBPC and dmBPC group; good

antibacterial activity in mBPC;
In vivo: induced greater bone formation of rabbit femur in mBPC and dmBPC group.

[176]

MWCNTs In vitro: increased cytocompatibility; improved surface roughness and hydrophilicity. [177]
n-HA, n-CS In vivo: enhanced osseointegration ability of rabbit skull defect model in n-CS/PEEK group and n-

HA/PEEK group.
[178]

n-CS In vitro: increased cytocompatibility; improve hydrophilicity; enhanced apatite formation in SBF. [179]
PEEK and inorganic ion
composites

ST sub-particles In vitro: increased cytocompatibility and differentiation; enhanced compressive strength, surface
roughness, thermal properties, hydrophilicity, surface energy, and protein adsorption.

[180]

Nb2O5 sub-particles In vitro: increased cytocompatibility and differentiation; no cytotoxicity; improved
hydrophilicity, surface energy, surface roughness, and protein absorbability.

[181]

Si3N4 particles In vitro: increased cytocompatibility and differentiation; enhanced antibacterial ability. [182]
AMP In vitro: increased cytocompatibility. Enhanced apatite formation in SBF;

In vivo: enhanced osseointegration and bone formation of rat femur.
[183]

Ta2O5 In vitro: increased cytocompatibility and differentiation; improved hydrophilicity, surface energy,
roughness, and protein absorption.

[184]

PLLA, β-TCP In vitro: increased cytocompatibility and differentiation;
In vivo: promoted bone formation and regeneration of rabbit radius.

[185]

MD In vitro: increased cytocompatibility and differentiation;
In vivo: enhanced osteogenic properties of rabbit femur; increased expression of type I collagen
and VEGF.

[186]

M-MCS, GS In vitro: Cytocompatibility and differentiation increased gradually in MPC, sandblasted MPC, and
GS-loaded MPC;
In vivo: Osteogenic ability was successively enhanced in the above three complexes.

[187]

Ti particles In vitro: increased cytocompatibility and differentiation. [188]

N/A, not applicable.

Table 2
The advantages and disadvantages of some surface modification techniques.

Modification
methods

Advantages Disadvantages Strategies for improvement

Sulfonation Fast reaction time, suitable for materials of various
shapes, increase surface roughness, low cost [124],
antibacterial ability [82–86]

Residual acid needs to be removed [82,88],
residual sulfonic acid groups can be harmful
to cells [79–81]

Control reaction time for best advantage [78], mix
with other bioactive fillers for increased
cytocompatibility [203]

Plasma
treatment

Can change the surface chemical properties and
roughness of PEEK at the same time, with good
uniformity and good reproducibility [29,108,109]

Long-term instability, the resulting high
temperature may degrade PEEK [319,320]

Improve the cooling capacity of the device

Plasma-
immersion ion

Implantation

Coatings with strong adhesion, good uniformity, and
good reproducibility [319]

The resulting high temperature may cause
the PEEK to deform [319]

Improve the cooling capacity of the device

Accelerated
neutral atom

Beam

Ability to reduce surface roughness and shallow
penetration compared to other processes [116,117,321,
322]

Poor reproducibility and poor product
stability [321]

Repeat multiple times to find suitable reaction
conditions

Sandblasting Cheap, simple, convenient, fast [323] Contamination from abrasive aerosols [324,
325], poor reproducibility [325]

Wear protective equipment to prevent inhalation of
abrasives [324], repeat multiple times to find
suitable reaction conditions
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shown that plasma oxidation [42], acid oxidation [43], and ozone
treatment [44] can activate the fiber surface to improve the fiber-matrix
5

interface. However, these methods sacrifice single fiber strength and do
not greatly improve mechanical properties [41]. Wolinne et al.



Table 3
Modification strategies to enhance the antibacterial activity of PEEK and its enhanced properties.

Modification strategy Coatings or Fillers Research results related to the bioactive or antibacterial property Reference

Study on Surface
Modification of
Sulfonated PEEK

Concentrated sulfuric acid In vitro: increased cytocompatibility and differentiation on samples with low sulfur
content; showed excellent antibacterial activity on samples with different sulfur content
In vivo: enhanced bone formation and killed pre-injected bacteria.

[82]

Concentrated sulfuric acid In vitro: biofilms are most effectively suppressed between 2 and 3 h of sulfonation. [84]
Concentrated sulfuric acid, argon In vitro: increased cytocompatibility and differentiation of MG-63 cell; showed excellent

antibacterial activity.
[85]

Concentrated sulfuric acid, copper nanoparticles In vitro: showed excellent antibacterial activity; increased phagocytic ability of
macrophages;
In vivo: showed excellent antibacterial activity.

[83]

Study on sulfonation of
composite materials.

N-MS, concentrated sulfuric acid In vitro: increased cytocompatibility and differentiation on PCPS; enhanced surface
roughness, hydrophilicity, and apatite mineralization of PCPS; showed antibacterial
activity on PCPS.

[203]

Concentrated sulfuric acid, Ta, GS In vitro: TPSG exhibits excellent antibacterial properties; increased cytocompatibility
and differentiation of MG-63 cell;
In vivo: enhanced bone regeneration and osseointegration

[86]

NTP, concentrated sulfuric acid, GS In vitro: Cytocompatibility and differentiation increased gradually in PN, SPN, and
SPNG; showed excellent antibacterial activity on SPNG;
In vivo: bone formation was successively enhanced in PN, SPN, and SPNG.

[205]

Coating antibiotics CaHPO4⋅2H2O, GS In vitro: increased cytocompatibility and differentiation; had incredible antibacterial
properties;
In vivo: exhibited excellent antibacterial activity and osteointegration in femoral defect
infection of rat experiments.

[211]

GS, SF, AgNPs In vitro: increased cytocompatibility and differentiation; had remarkable antimicrobial
activity.

[212]

Dexamethasone, minocycline, liposomes, PDA In vitro: improved osteoblast differentiation;
In vivo: enhanced anti-inflammatory properties, osteointegration, and antibacterial
activity in beagle femoral implant models.

[215]

GS, PDA In vitro and in vivo: excellent osteogenic activity and antimicrobial properties [213]
Coating antimicrobial
peptides

Antimicrobial peptide KR-12, PDA In vitro: increased cytocompatibility and differentiation; showed remarkable
antibacterial activity;
In vivo: promoted femoral osteointegration in rats.

[220]

MBD-14, concentrated sulfuric acid In vitro: increased cytocompatibility and differentiation; showed antibacterial activity;
In vivo: enhanced the osteointegration ability of rat femur and inhibited bacterial
growth.

[224]

Coating natural
antibacterial materials

Sodium butyrate, concentrated sulfuric acid In vitro: increased cytocompatibility, differentiation, and anti-inflammatory activity;
In vivo: exhibited excellent anti-infective activity and promoted bone formation in a rat
model of osteomyelitis.

[225]

Chlorogenic acid, concentrated sulfuric acid In vitro: increased cytocompatibility; exhibited excellent antimicrobial activity. [226]
CMC, CF, n-HA, BFP, PDA In vitro: increased cytocompatibility and differentiation; showed antibacterial activity;

In vivo: promoted tibial osseointegration in beagles.
[249]

Coating antimicrobial
polymers

Lactam-based antibacterial membrane,
concentrated sulfuric acid

In vitro: no toxicity for plankton growth; significantly inhibited bacterial growth [241]

Modified poly(ethylene glycol), quaternized
poly(dimethylaminoethyl acrylate)

In vitro: no cytotoxicity; reduced bacterial adhesion. [244]

Coating graphene oxide Graphene oxide, concentrated sulfuric acid In vitro: exhibits excellent antibacterial properties; increased cytocompatibility and
differentiation of MG-63 cell;

[263]

Graphene oxide nanosheets, PDA nanofilms,
oligopeptides

In vitro: increased cytocompatibility and differentiation
In vivo: promotes osseointegration of rabbit femur; powerful antibacterial phototherapy
effect

[264]

Zinc-modified PEEK ZnO, cicada-like bionic pattern layer In vivo: effectively killed bacteria around the implant. [275]
Silver ions, zinc ions, concentrated sulfuric acid In vitro: increased cytocompatibility, differentiation on Ag/ZnO modified sulfonated

PEEK; inhibited bacterial growth on Ag and Ag/ZnO modified sulfonated PEEK.
[276]

Zinc and oxygen, CF In vitro: increased cytocompatibility and differentiation; exhibited strong antibacterial
activity.

[277]

Zinc oxide, graphene oxide, concentrated
sulfuric acid

In vitro: have good biocompatibility, the obvious antibacterial effect [278]

Acrylic acid, zinc ions In vitro: promoted the proliferation and differentiation of MC3T3-E1 cells, inhibited the
growth of S. aureus

[279]

Silver-modified PEEK Silver nanoparticles In vitro: increased water contact angle; showed no cytotoxicity; improved the
antibacterial activity.

[289]

Silver nanoparticles In vitro: increased cytocompatibility and differentiation; showed excellent antibacterial
activity.

[290]

Copper oxide microspheres, silver
nanoparticles, silk fibroin

In vitro: promoted bone formation and angiogenesis; had significant antibacterial
activity and prevented the formation of biofilm;
In vivo: promoted the bone regeneration and osseointegration of rabbit tibia.

[291]

Silver ions, ZIF-8, concentrated sulfuric acid In vitro: showed excellent antibacterial activity. [292]
Zirconium-modified
PEEK

Zirconium ions, CF In vitro: increased cytocompatibility and differentiation; showed obvious antibacterial
activity.

[314]

Nitrogen-modified PEEK Nitrogen In vitro: increased cytocompatibility and differentiation; showed antimicrobial activity. [317]
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developed a vacuum plasma spray process and a laser shock adhesion
testing protocol to produce and test the adhesion of coatings on PEEK.
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Fatigue test results showed that the coating remained uncracked for more
than 10 fatigue tests [45]. This measurement scheme opens the way for
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the systematic measurement of the adhesion of coatings on polymer
substrates [45].

2.1.1.1. HA coating. The most commonly used bioactive material for
PEEK surface coating is HA. In human and animal bones, HA occupies
69% of the weight. It has excellent biocompatibility in many forms [46].
Durham et al. used IBAD to coat PEEK with HA and yttrium-stabilized
zirconia (YSZ). In the rabbit femur implantation experiment, micro-
scopic CT, histology, and mechanics analyses showed that the HA/YSZ
coating group had increased bone integration in comparison to the un-
coated PEEK group [47]. PEEK implants and X-rays after implantation are
shown in Fig. 4. Gultan et al. treated PEEK by NaOH etching and coating
with boron-doped nano-hydroxyapatite (B-nHA). Cell experiments
showed that the differentiation and proliferation of MC3T3-E1 cells were
enhanced in the B-nHA-coated group. In addition, NaOH etching and
B-nHA treatment increased ALP activity, COL1A1 mRNA expression, and
collagen secretion. This suggests that B-nHA treatment, NaOH etching, or
a combination of the two can enhance osteogenic activity [39]. Johans-
son et al. used a novel spin coating technique to coat PEEK with nano-
scale HA. In animal experiments, they inserted treated and untreated
PEEK implants into the tibia and femur of rabbits. Disassembly torque
analysis indicates that the torque value of treated PEEK was markedly
higher. They hypothesized it may have to do with changes in the bone
mass around the HA-PEEK implant [48]. Johansson et al. investigated the
bioactivity to PEEK with or without nano-scaled HA coating. They
inserted the implant into the femur of the rabbits and performed a his-
tological evaluation. The results showed that PEEK bone-implant covered
with nano-HA had a higher contact rate and larger bone area at the
healing point versus their uncoated counterpart. This indicates that
HA-coated PEEK can significantly improve osteogenic properties [49].
Fig. 4. (A) Size of PEEK implants. (B) Surgical site with an implant inserted. (C, D) X-
with permission of Ref.
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2.1.1.2. Titanium or titanium dioxide coated PEEK. Pure titanium (Ti) and
titanium alloys are the stars of orthopedic implants. Pure titanium and
titanium alloy have good tolerance to the human body and strong
binding ability to bone, so they are excellent implant materials [50].
However, some researchers have reported that titanium particles migrate
to distant tissues and deposit in the lungs and lymph nodes years after
implantation. This may lead to granulomatous disease [51–53].

Jung et al. developed a 3D printing device and constructed PEEK
materials. Then they sputtered printed PEEK with Ti. The cell experi-
ments showed that the PEEK sample modified by Ti had excellent per-
formance in the proliferation and differentiation of preosteoblasts.
Animal experiments demonstrated that bone regeneration of defective
rabbit tibial was significantly increased with treated PEEK [54]. Hase-
gawa et al. investigated intervertebral fusion rates in Ti-coated PEEK(-
Ti-PEEK) and pure PEEK cages after posterior lumbar interbody fusion
(PLIF) surgery. During the operation, they randomly assigned patients to
a pure PEEK group or Ti-PEEK group. They used computed tomography
to assess fusion rates and patients were followed up one year later. The
results of the Low Back Pain Assessment Questionnaire and Disability
Index were as follows: PLIF with a Ti-PEEK fixator resulted in better end
plate maintenance of bony fusion than PLIF with a pure PEEK fixator.
They concluded that rigorous work and exercise can resume much earlier
with Ti-PEEK cages [55]. Shimizu et al. modified the surface of PEEK
using a sol-gel-derived TiO2 coating. Before the sol-gel coating, they
pretreated it with O2 plasma or sandblasting and then treated it with acid.
Experimental results of the rabbit tibia model indicated that the bone
integration ability of modified PEEK was significantly enhanced. More-
over, the treated PEEK showed good biocompatibility with rabbit bone
marrow mesenchymal stem cells [56]. Liu et al. grafted methacrylate
hyaluronic acid and TiO2 nanofibers onto PEEK by ultraviolet radiation
induction. Cell experiments also showed good biocompatibility of
rays after implantation (arrows indicate the defect boundaries) [47]; Reproduced
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modified PEEK with rat bone marrow mesenchymal stem cells [57].

2.1.1.3. Other surface coatings. Researchers used a variety of biocom-
patible materials to coat the surface of PEEK, including silicate, magne-
sium phosphate, calcium phosphate, gelatin, proteins, zinc ions, and
polymers. The biological activity of PEEK can be significantly improved
by these surface coatings. For instance, Wen et al. used electron beam
evaporation (EBE) to coat biologically active silicate on the surface of
bioinert PEEK. The treated PEEK had good biocompatibility as well as the
ability to promote the differentiation of bone marrow stem cells.
Furthermore, they found that 5 min treatment with EBE had the greatest
osteogenic potential by analyzing gene and protein expression. In vivo
test results also showed that 8 min treatment with EBE improved
osteointegration in rat models of osteoporosis. Overall, these results
indicate that the application of a bioactive silicate coating to PEEK en-
hances osseointegration [58]. Ren et al. used microwaves to cover the
PEEK surface with amorphous magnesium phosphate (AMP) coating. The
apatite formation test showed that the modified PEEK significantly
enhanced apatite formation in simulated body fluids (SBF). The cyto-
toxicity test verified that the modified PEEK had no cytotoxicity. When
MC3T3-E1 cells were inoculated with modified PEEK, there was a sig-
nificant increase in osteocalcin expression, suggesting that modified
PEEK may promote osseous integration [59]. Oyane et al. created a
laser-assisted biomimetic (LAB) technique to modify PEEK. LAB is per-
formed by laser irradiation of PEEK substrate immersed in supersaturated
calcium phosphate solution. After the LAB process, calcium phosphate
formed on the surface of PEEK. In vitro experiments demonstrated that
treated PEEK had good biocompatibility with MC3T3-E1 cells. A dense
layer of hydroxyapatite also formed on the treated PEEK in the SBF [60].

Gelatin, a protein derived from collagen, mainly exists in bone and
skin and has good biocompatibility, adhesion, and chemical stability [61,
62]. However, the protein affinity of the PEEK surface is poor, and direct
coating of gelatin on PEEK material cannot make gelatin adhere suffi-
ciently. Omrani et al. modified the PEEK surface with oxygen plasma and
then coated the PEEK with gelatin. The results showed that the
gelatin-coated surface significantly promoted the adhesion and prolifer-
ation of mouse embryonic fibroblasts [63]. Wu et al. loaded BMP-2 onto
phosphorylated gelatin. The gelatin was then coated on hydroxylated
micro-porous PEEK. The water contact angle of the modified PEEK was
significantly reduced. In vitro experiments showed that MC3T3-E1 cell
adhesion, proliferation, and differentiation were significantly enhanced
on modified PEEK [64]. Wang et al. sulfonated the PEEK surface with
concentrated sulfuric acid to develop a three-dimensional porous
morphology. Silk fibroin and bone formation peptide coating followed.
Cellular tests revealed that cells on the modified implant had better cell
adhesion, proliferation, and diffusion. Furthermore, peptide-modified
fibroin coating resulted in accelerated differentiation and maturation
of osteoblasts and osteoblast-like cells [65].

Cytokines released by immune cells are important factors in inducing
bone tissue regeneration. Liu et al. used magnetron sputtering to add a
layer of zinc ions to sulfonated PEEK (SPEEK) material. In vitro and in vivo
experiments confirmed that Zn-coated SPEEK produces an anti-
inflammatory phenotype in macrophages, which then secrete a compo-
nent of osteoblasts to improve osseous integration [66].

Liu et al. covered PEEK with different layers of polystyrene sulfonate
(PSS) and polyallylamine hydrochloride (PAH). They found that 20-layer
(20 L) PEEK showed greater hydrophilicity than natural PEEK, and the
surface contact angle decreased as the number of layers increased from 5
to 20. In vitro, modified PEEK resulted in superior adhesion and prolif-
eration of bone marrow stromal cells, while inducing higher cell growth
and alkaline phosphatase levels. In vivo, the binding of 20 L PEEK to bone
tissue was significantly enhanced in a rabbit osteoporosis model when
compared with untreated PEEK [67].

Eucommia is a traditional Chinese medicine that has therapeutic ef-
fects on bones [68]. Strontium is an indispensable element in the
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production of osteoblasts and osteoclasts [69–71]. The previously
developed strontium Eucommia polysaccharide was shown to have quite
superior biological activity and osteopromoting effect [72]. Zhang et al.
introduced strontium Eucommia polysaccharide to the surface of PEEK.
Cell experiments showed that the modified PEEK effectively promoted
the proliferation and differentiation of MC3T3-E1 [73]. Chondroitin
sulfate, a natural glycosaminoglycan, is one of the main components of
the extracellular matrix [74,75]. Previous studies have shown that
chondroitin sulfate has osteogenic activity [76]. Zheng et al. coated PEEK
with strontium and chondroitin sulfate. The modified PEEK significantly
improved its angiogenic and osteogenic abilities in vitro and in vivo [77].

2.1.2. Chemical treatment

2.1.2.1. Sulfonation modification. Sulfonation modification refers to
using concentrated sulfuric acid or gaseous sulfur trioxide to react with
PEEK for a short time. In doing so introduces-SO3H groups to bind and
form porous structures on the surface of PEEK. PEEK surface sulfonation
allows for the retention of excellent mechanical properties. It is a special
strategy to improve the osseointegration of PEEK implants by increasing
hydrophilicity and roughness [78]. The bioactivity of sulfonated PEEK
can be further enhanced by adding bioactive fillers. However, some
studies have shown that the sulfur functional groups produced by sul-
fonation have negative effects on human cells [79–81]. Some studies
have also shown that sulfonated PEEK also has antimicrobial activity
[82–86], which will be later reviewed in Section 4.1.

PEEK has different surface properties when soaked in concentrated
sulfuric acid at different times. Ma et al. explored the optimal sulfonation
time and post-treatment method. Concentrated sulfuric acid was soaked
for 0.5 min (SPEEK0.5), 1 min (SPEEK1), 3 min (SPEEK3), 5 min
(SPEEK5), and 7 min (SPEEK7). Post-treatment methods included
acetone flushing (SPEEKT1), hydrothermal treatment (SPEEK-T2), and
NaOH immersion (SPEEK-T3). The treated samples were evaluated by
scanning electron microscopy (SEM), energy dispersive spectroscopy
(EDS), Fourier transform infrared (FTIR) spectra, hydrophilicity, ion
release, and cell viability. The results revealed that 5 min sulfonation
time was the best choice. Hydrothermal treatment, acetone rinsing, and
NaOH immersion showed the same effect in removing residual sulfuric
acid. A porous network structure formed on all the sulfonated samples.
With the increase in sulfonation time and concentration, the porous
structures became more obvious [59]. Wan et al. sulfonated PEEK using
gaseous sulfur trioxide (SO3) to create a porous surface. Mineral depo-
sition of apatite significantly improved after the introduction of –SO3H
groups on the porous surface. Protein absorbability also greatly
improved. MC3T3-E1 cells showed remarkably enhanced cell adhesion,
proliferation, and extracellular matrix (ECM) secretion [87].

The three-dimensional porous structure formed by sulfonation can get
better cell adhesion on the PEEK surface, the three-dimensional porous
sulfonated PEEK preparation process is shown in Fig. 5 [88]. Yabutsuka
et al. successfully prepared bioactive PEEK by forming pore-like struc-
tures on the material's surface. This was done through H2SO4 treatment,
before O2 plasma treatment, and the deposition of fine calcium phos-
phate particles in the pores. They dipped the modified PEEK in SBF liquid
for a day and found that HA formed on the surface of the sample. Me-
chanical anchorage experiments show that the HA layer was closely
bound to the PEEK substrate [69]. Zhu immersed PEEK in concentrated
sulfuric acid to form a microporous structure, before hydrothermal
treatment to reduce residual sulfuric acid. They then treated sulfonated
PEEK with oxygen plasma and immersed it in a polydopamine (PDA)
solution, giving rise to a PDA layer. Finally, it was immersed in the tri-
peptide Arg-Gly-Asp (RGD) solution to integrate the RGD onto PEEK's
PDA surface coating. The biological properties were evaluated by cell
proliferation, real-time reverse transcription polymerase chain reaction
(real-time PCR) analysis, alizarin red staining, immunocytochemistry
staining, and simulated body fluid immersion. The results showed that,



Fig. 5. Schematic diagram of the preparation of three-dimensional porous sulfonated PEEK. SPEEK-W: sulfonated PEEK after drying; SPEEK-WA: sulfonated PEEK
rinsed with acetone [88]; Reproduced with permission of Ref.
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compared with PEEK control, the modified version yielded significantly
improved promotion of cell proliferation, osteogenic differentiation, and
osteoid apatite formation in vitro [89].

Wang et al. made porous PEEK material by treating it with sulfuric
acid. Subsequently, strontium (Sr) was incorporated into the sulfonated
PEEK material by hydrothermal reaction in Sr(OH)2 solution. Adipo-
nectin (APN) protein membrane was deposited on the substrate with aid
of PDA. In vitro experiments showed that proliferation and differentiation
of MC3T3-E1 cells significantly increased by modified PEEK [90]. Cheng
et al. proposed a strategy that combines sulfonation with alkali treat-
ment. They first sulfonated PEEK-S-3 with 98% concentrated sulfuric
acid for 3 min before treatment with NaOH for 24 h to get PEEK-NA-24.
In vitro bioactivity tests showed that a uniform layer of bony apatite
completely covered PEEK-NA-24 by immersion in SBF for only 3 days.
Apatite deposition significantly reduced the contact angle of the sample
(PEEK-HA) and increased its surface roughness, which resulted in
enhanced serum protein adsorption. In vitro cell culture showed that the
modified samples (PEEK-S-3, PEEK-NA-24, and PEEK-HA) all promoted
the adhesion, proliferation, and differentiation of MC3T3-E1, while
PEEK-HA had the best effect [91]. Sun et al. used a lyophilized technique
to fix bone morphogenetic protein 2 (BMP-2) to sulfonated PEEK. They
measured the amount of BMP-2 released from samples immersed in PBS
(pH ¼ 7.4) using a BMP-2 ELISA kit. The results show that BMP-2 can be
consistently released from PEEK. Cell experiments in vitro showed that
BMP-2 fixation significantly enhanced the initial adhesion and diffusion
of rat bone mesenchymal stem cells (rBMSCs). In addition, PEEK
enhanced collagen secretion, extracellular matrix mineralization, and
ALP activity of rBMSCs [92]. Yu et al. submerged sulfonated porous PEEK
in an aspirin solution and the resulting porous PEEK showed significantly
improved anti-inflammatory activity. Subsequently, the grafting of
bone-forming peptide (BFP) to porous PEEK greatly enhanced osteo-
genesis. They investigated the effect of BFP peptides on MC3T3-E1 cell
proliferation and ALP activity, as well as the effect of aspirin on
inflammation. The results showed that the combination of BFP poly-
peptide and aspirin can synergistically promote osteoblast proliferation
and reduce inflammation [93].

Previous studies have shown that sulfuric acid and hydrogen peroxide
solutions can synergistically increase the number of functional groups
and increase the hydrophilicity and surface energy of PEEK [94–98].
Santos et al. treated PEEK with sulfuric acid and hydrogen peroxide so-
lution for 60 s, and the experimental results showed that the modified
surface promoted the adhesion and proliferation of human fibroblasts
cells [99].

2.1.2.2. Phosphate modification. Phosphorylation refers to connecting
phosphate groups to PEEK by various approaches, which can increase the
biological activity of the material's surface. Zheng et al. introduced
phosphate groups to the PEEK surface through single-step UV-induced
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graft polymerization of vinyl phosphonic acid. Water contact angle
measurements show an increase in hydrophilicity after surface phos-
phorylation. Cell assay and real-time PCR analysis revealed that MC3T3-
E1 osteoblasts exhibited enhanced adherence, diffusion, proliferation,
and osteogenic differentiation on modified PEEK. In vivo biological as-
sessments through animal models of proximal tibial defects in rabbits
suggested that modified PEEK improved bone-implant contact. This
indicated that the osteogenic activity of phosphorylated PEEK was
enhanced [100]. Fukuda et al. prepared rough surface PEEK by sand-
blasting and modified the phosphate groups with phosphoryl chloride
through chemical reactions. Cell experiments showed that the activity of
rat mesenchymal stem cells growing on modified PEEK was significantly
increased. The expression of osteocalcin and osteoid nodules were also
much higher. Furthermore, the modified PEEK enhanced osseointegra-
tion in the rabbit tibial implant model [101]. Two years later, their
research group modified PEEK by plasma treatment and phosphoryla-
tion. In vitro experiments demonstrated increased proliferation, alkaline
phosphatase activity, and bone-like nodular formation of rat bone
marrow stromal cells on phosphate-modified PEEK. In addition,
phosphate-modified PEEK reduced the phenotypic polarization of
RAW264.7 macrophages induced by LPS to an inflammatory phenotype.
Animal experiments revealed that phosphate-modified PEEK exhibited
greater pulling force from the femoral cavity than pure PEEK. Thus, they
synthesized a new material that enhanced rBMSCs activity, reduced
excessive inflammation, and improved PEEK's implant-bone bond
strength [102]. Mahjoubi et al. used sandblasting and diazo chemistry to
introduce phosphonate groups on PEEK's surface. Cell experiment results
showed that modified PEEK improved metabolic activity and minerali-
zation of MC3T3-E1 cells when compared with the unmodified version.
Experiments on skull defects in rats demonstrated that fibrous sac for-
mation was prevented by the modified PEEK. Osseointegration between
the implant and the surrounding bone was also promoted [103].

2.1.2.3. Acid treatment. Previous studies have shown that fluoride ion
surface modification can enhance osteoblast differentiation in vitro and
osteointegration in vivo [104]. Huo et al. treated the PEEK surface with
hydrofluoric acid and nitric acid (AFN) to obtain PEEK-AFN. The water
contact angle test shows that the modified PEEK had enhanced hydro-
philicity. Cell experiments showed that PEEK-AFN promoted adherence,
proliferation, and proliferation of rBMSCs. PEEK-AFN also enhances
alkaline phosphatase activity. In addition, PEEK-AFN regulates macro-
phage polarization and down-regulates the expression of
pro-inflammatory factors by inhibiting the NF-κB pathway, hence stim-
ulating osteoblast differentiation [105].

2.1.3. Physical treatment

2.1.3.1. Plasma treatment. Plasma modification is the bombardment of
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the material surface by ionized gas in a closed container, and the atoms
on the original material surface are replaced at the same time [106,107].
Plasma modification can roughen the surface of PEEK and increase the
biological activity of PEEK while maintaining good mechanical proper-
ties [29,108,109]. Earlier in the article, it was mentioned that sulfonation
modification can also increase the roughness of the PEEK surface. Since
both modifications are performed on the PEEK surface, neither modifi-
cation alters the mechanical properties of PEEK [29,87]. Regarding the
effect of biological activity, the biological activity of the plasma-modified
material depends on the type of plasma [110]. During the sulfonation
process, the sulfonic acid groups were bound to the PEEK surface, and the
PEEK surface formed a porous structure at the same time [78]. As
mentioned earlier, cell adhesion will increase due to increased rough-
ness. However, the sulfonic acid groups generated by sulfonation may
adversely affect cells, and the higher the sulfur concentration on PEEK,
the more obvious the adverse effect on cells [79–81]. This phenomenon
may be improved by coating sulfonated PEEK or adding fillers. Fu et al.
treated the PEEK surface with mixed hydrogen and oxygen plasma. They
found that the modified PEEK's surface hydrophilicity, microhardness,
crystallinity, and adhesion of human osteoblasts significantly improved
[111]. Masamoto et al. developed a surface treatment “apatite precursor”
(PRA) on PEEK to synthesize PRA-PEEK. The treatment consists of three
steps: H2SO4 immersion, O2 plasma discharge, and alkaline SBF treat-
ment. In SBF immersion tests, PRA-PEEK showed excellent apatite for-
mation capability. The mechanical, histological, and radiological
analyses showed that PRA provided excellent bone-bonding properties
and bone conductivity through the implantation of modified PEEK into
rabbit tibia. MC3T3-E1 cell activity was analyzed by the XTT cell pro-
liferation kit, and the modified PEEK did not show cytotoxicity [112].
Chen et al. modified PEEK by plasma immersion ion implantation (PIII)
followed by hydrofluoric acid treatment. Compared with the unmodified
PEEK, the hydrophilicity of modified PEEK was significantly increased.
Cell experiments showed that modified PEEK enhanced the adhesion,
proliferation, and ALP activity of rBMSCs [113]. Zhao et al. modified
PEEK by water and ammonia PIII. In vitro experiments showed that the
hydrophilicity and surface roughness of modified PEEK were greatly
increased. They also found that MC3T3-E1 cell adhesion, proliferation,
ALP activity, and osteogenic differentiation were improved. Further-
more, implantation of modified PEEK in the femur of rats also demon-
strated enhanced osteosynthesis ability [29]. Lu et al. incorporated
calcium onto the PEEK through calcium PIII (CA-PIII). Cell experiments
showed that modified PEEK increased the adherence, proliferation, and
differentiation ability of rBMSCs [114].

Injecting a low-temperature plasma induced in gas by an extreme
ultraviolet beam into the polymer surface results in the formation of new
chemical groups on the polymer surface. Czwartos et al. used extreme
ultraviolet-induced oxygen and nitrogen plasma for surface modification
Fig. 6. PEEK surface nanotopography promotes osteoblast di
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of PEEK. The surface roughness of the modified PEEK is increased, and
new functional groups are added at the same time. Moreover, the
modified PEEK promoted the adhesion and proliferation of MG-63 cells
[115].

2.1.3.2. ANAB treatment. ANAB bombardment of any material's surfaces
can result in the amorphization of its atomic layer. ANAB can also change
the surface morphology of the material. Current studies have shown that
ANAB can alter the surface properties of biomaterials and increase their
bioactivity, reducing surface roughness without degrading the overall
mechanical properties [116,117]. Ajami et al. used ANAB to process
PEEK. They found that ANAB treatment increased the surface hydro-
philicity of PEEK. Cell experiments showed that modified PEEK increased
the metabolic activity and proliferation in human mesenchymal stem
cells, human osteoblasts, and skin fibroblasts. Osteogenic differentiation
experiments showed that modified PEEK increased the ALP expression of
human mesenchymal stem cells [118].

2.1.3.3. IBAD treatment. IBAD can synthesize special thin film materials
that are difficult to obtain by conventional means. It can synthesize
materials at low temperatures while providing advantageous character-
istics like high density and strong adhesion [119]. Durham et al. used
IBAD techniques to coat PEEK with YSZ and HA. YSZ is used as a pro-
tective layer, and HA is used as the top layer. Cell experiments showed
that modified PEEK enhanced cell growth while also improving the
maturation and mineralization of osteoblasts [120].

2.1.4. Nano-structured PEEK surfaces
Nanoscale modification is a new technology. This modification

technique can avoid debonding coatings and material surfaces caused by
conventional modification [121]. In addition, nanoparticles have a
higher specific surface area than microparticles, forming a larger inter-
face, which enhances the particle-matrix interaction [122].

Nanotopography, including grooves, pillars, and pores, is widely used
in the field of bone tissue engineering [123–126]. Surface nano-
topography is a physical topography that can affect osteogenesis in
several ways (Fig. 6), including reorganizing the cytoskeleton [127] and
affecting cell signaling and metabolism [128]. Zhang et al. established
patterned nanorod arrays on PEEK surfaces. The modified nanosurface
PEEK promoted the osteogenic differentiation of rat adipose stem cells
and the osseointegration of rat femurs [129]. Gao et al. prepared an
adhesive film with nanoscale porosity on PEEK. They first treated PEEK
with oxygen plasma, followed by depositing poly(acrylic acid) (PAA) and
PAH on the treated samples using the layer-by-Layer (LBL) self-assembly
technique. In vitro experiments demonstrated that modified PEEK not
only inhibited the acute inflammatory response of macrophages but also
provided a favorable environment for osteogenic differentiation of
fferentiation [123]; Reproduced with permission of Ref.
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human bone marrow mesenchymal stem cells. In vivo results revealed
that modified PEEK induced less fibrous sac formation and improved
bone regeneration [130]. Wang et al. fabricated the porous surface of
polyetheretherketone (PK)-nanoporous lithium-doped magnesium sili-
cate (NLS) blend (PKNLS) on the PEEK surface by layer compression,
sintering, and salt leaching. As a control, porous surfaces of
PEEK/Lithium-doped magnesium silicate blends (PKLS) and PK were
fabricated using the same method. In vitro results showed that compared
with macroporous PKLS and PK, the surface porosity, water absorption,
and protein absorption of PKNLS were significantly enhanced. The
apatite mineralization capacity of PKNLS in simulated body fluids was
also higher. These results indicate that PKNLS had excellent biological
activity. Cell experiments showed that MC3T3-E1 cell adhesion, prolif-
eration, and differentiation of PKNLS were significantly enhanced
compared with PKLS and PK. In vivo results showed that new bone grew
onto the surface of PKNLS, and the volume of new bone in PKNLS was the
highest out of PKLS and PK [131]. Zhang et al. coated the surface of PEEK
with a bioactive composite containing lithium-doped silica nanospheres
(LSNs) and PDA. In vitro testing showed that compared with PEEK and
PEEK coated with PDA, modified PEEK significantly promoted apatite
mineralization and stimulation of rate bone marrow stromal cells
(rBMSCs). In vivo experiments have shown that modified PEEK notably
promotes bone tissue response [132]. Dai et al. created a bioactive
coating of nano silicon nitride (Si3N4, Sn) with micro/nanostructure on
PEEK (CSNPK) by suspension coating and melt bonding. Compared with
pure PEEK, the surface roughness, hydrophilicity, and protein adsorption
of CSNPK were greatly improved. Cell experiments showed that
MC3T3-E1 cell adhesion, proliferation, differentiation, and bone-related
gene expression on CSNPK were remarkably increased. In addition,
microcomputed tomography and histological evaluation demonstrated
that the SN coating of CSNPK stimulated bone regeneration and inte-
gration in vivo by using a rat model of skull defects [133].

Femtosecond laser (FSL) irradiation enables the formation of struc-
tures with nanotopography on the surface of biomaterials [134]. The
advantages of FSL include simplicity, fast scanning speed, high accuracy,
reproducibility, and minimal oxidation during processing [135]. Xie
et al. constructed submicron nanostructures on PEEK surfaces by FSL.
Cellular experiments showed that the adhesion, proliferation, and oste-
ogenic differentiation of MC3T3-E1 cells were enhanced [136].

2.2. PEEK composites

In the surfacemodification of PEEK, due to the weak bonding strength
between the coating and PEEK, the coating may separate from the PEEK
surface, which significantly reduces the osteogenic activity of PEEK [56,
59,103,137]. In addition, dislodged coating fragments may lead to bone
resorption and subsequent implant failure [56,59,103,137]. In the past
few decades, inorganic/organic biocomposites have been developed for
bone repair by incorporating inorganic bioactive materials into organic
polymers, which greatly improves the osteogenic activity of bio-
composites [138,139]. Increasingly researchers have incorporated
bioactive materials into PEEK to prepare PEEK composites, and
compared with pure PEEK, the mechanical properties and bioactivity of
PEEK composites have been improved.

2.2.1. CFR-PEEK composites
CF is widely used as a filler for reinforced polymers because of its high

strength and high modulus. CFR-PEEK is often used as an orthopedic
implant material due to its mechanical properties and close bone prox-
imity. Yet recently, Some studies have shown that CFR-PEEK exhibits
cytotoxicity when the carbon fiber content exceeds 25% of CFR-PEEK
[21,22]. In detail, with the increase of carbon fiber content, the cyto-
toxicity of CFR-PEEK composites will become more and more obvious
[22], and short carbon fibers have higher cytotoxicity than long carbon
fibers [21]. While considering the excellent mechanical properties of
CFR-PEEK, the addition of active fillers or surface modification may
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increase its biological activity. Below are examples of CFR-PEEK
modification.

Injection molding is a fast and versatile manufacturing technique
used in the plastics industry to produce objects of different sizes, and
shapes [141]. Since this process involves high temperature and pressure,
it can self-sterilize and facilitate the interaction of the dispersion with the
polymer [142]. Qin et al. prepared CF-PEEK composites by injection
molding and then treated them with concentrated sulfuric acid to form a
porous structure. Subsequently, the sulfonated CF-PEEK composites were
immersed in the GO solution to form filamentous wrinkles. The results of
in vitro experiments showed that modified PEEK increased hydrophilic-
ity. Cell experiments demonstrated that modified PEEK promoted adhe-
sion, proliferation, alkaline phosphatase activity, and mineralization of
bone marrow mesenchymal stem cells. Animal experiments showed that
modified PEEK effectively promoted new bone formation [140]. The
experimental program diagram is shown in Fig. 7. Yu et al. used
plasma-enhanced chemical vapor deposition technology to modify
CFR-PEEK with amino groups. Cell experiments showed that spreading,
adhesion, proliferation and osteogenic differentiation of MG-63 cells
were significantly increased on modified PEEK [143]. Ma et al. modified
CFR-PEEK with nitric acid (HNO3) and calcium chloride (CaCl2). The
hydrophilicity test showed that modified CFR-PEEK hydrophilicity was
significantly improved. They soaked the treated samples in SBF and
found that apatite formation capacity also increased [144]. Yan et al.
coated graphene on CFR-PEEK. In vitro experiments showed that the
graphene-modified version of CFR-PEEK increased proliferation and
accelerated the differentiation of bone marrow stromal cells. Animal
experiments demonstrated that the mineral deposition rate of
graphene-modified CFR-PEEK implant was higher than that of bare
CFR-PEEK. Through Van Gieson staining, they also found that there was a
greater formation of new bone around the graphene-modified CFR-PEEK
[145]. Miyazaki et al. soaked both pure PEEK and CFR-PEEK composites
containing 30% CF in concentrated sulfuric acid, followed by ultrapure
water, before drying. Lastly, they were immersed in a solution of CaCl2.
The modified CFR-PEEK in SBF had more apatite formation than the
modified pure PEEK group and untreated pure PEEK [146]. Swamina-
than et al. modified PEEK/HA composites using CF and carbon nanotubes
(CNT). The cytotoxicity test demonstrated that their modified PEEK did
not show cytotoxicity. Cell experiments showed that modified PEEK
increased the adhesion of bone marrow cells when compared to binary
PEEK/HA composites [147].

As mentioned earlier, CFR-PEEK can increase the elastic modulus of
PEEK, and HA and GO can increase the surface bioactivity of PEEK.
Combining the advantages of CFR-PEEK with HA and GO surface coating,
Asante et al. sulfonated 30% CFR-PEEK and coated it with HA and GO.
The experimental results showed that the modified PEEK improved hy-
drophilicity and in vitro bioactivity [148].

2.2.2. PEEK/HA composites
HA has excellent biocompatibility and bioactivity, allowing for use as

a bone or tooth inducer. It has a certain degree of solubility in body fluid,
releasing harmless ions to the surrounding tissue. HA can also participate
in body metabolic processes and accelerate bone healing [149]. Since the
surface-coated HA is only a thin layer, the surface coating with hy-
droxyapatite hardly affects the mechanical properties of PEEK. However,
studies have shown that the surface coating may debond from the body
[150]. Coating and bulk debonding on HA-coated PEEK have not been
reported. For mechanical properties, by adjusting the amount of HA
powder, the elastic modulus of HA powder injection molding PEEK is in
the range of 4–16 GPa and the tensile strength is in the range of 49–83
MPa, which is close to human cortical bone tissue [151–153]. Recent
studies have shown that PEEK mixed with HA whiskers can improve
tensile and fatigue properties compared to conventional HA powders
[154,155]. The elastic moduli of HA-PEEK reinforced with 0–50 vol%HA
whiskers ranged from 4 to 23 GPa, and the tensile strengths ranged from
42 to 99 MPa [156]. In the future, it is also necessary to investigate



Fig. 7. Schematic diagram of preparation and characterization of graphene-coated sulfonated CF-PEEK [140]. Ra: Roughness average. Reproduced with permission
of Ref.
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whether the HA coating is easy to debond with PEEK bulk and compare
the bioactivity of the two modification methods of HA surface coating
and melt blending.

Oladapo et al. synthesized PEEK-HA composites by adding HA par-
ticles into PEEK materials. In vitro experiments showed that PEEK/HA
composites improved cell adhesion, proliferation, and differentiation in
comparison to pure PEEK. Furthermore, PEEK/HA composites improved
apatite formation in SBF [157]. Walsh et al. used ovine animal models to
evaluate whether PEEK and HA composites improved bone growth and
fusion. They found that compared with pure PEEK, the composite
improved cervical fusion and provided a better environment for bone
growth [158]. Shuai et al. added HA to a PEEK/polyglycolic acid (PGA)
mixture, then synthesized (PEEK/PGA)-HA composites by laser sintering.
They dipped (PEEK/PGA)-HA composites into SBF and found that
(PEEK/PGA)-HA increased apatite formation. Cell experiments showed
that (PEEK/PGA)-HA significantly increased the adhesion and prolifer-
ation ability of MG-63 cells when compared with PEEK/PGA. This in-
dicates that the addition of HA can increase composite biocompatibility
[159].

2.2.3. 3D printing of PEEK composites
3D printing can produce bespoke products that are well suited to

orthopedic implants. In the past decade, 3D printing technology has
developed rapidly within the biomedical engineering discipline. 3D
printing technology can now create new types of engineered bone tissue
implants with custom shapes and more favorable macro-and microscopic
structures [160]. Han et al. used fused-filament fabrication (FFF) 3D
printing to produce PEEK, which was then polished and sandblasted. Cell
assay results showed that human osteosarcoma cells (SAOS-2 osteoblasts)
exhibited increased adhesion, proliferation, and osteoblast density on
untreated FFF-3D-printed PEEK versus the polished and sandblasted
groups [161].

Fused Deposition Modeling (FDM), also known as FFF, is one of the
most widely used 3D printing processes. Compared with the traditional
injection molding process, it has the advantages of a simplified process,
timeliness, lower cost, and easier customization [162,163]. In the same
12
year, their research group utilized FDM 3D printing techniques to print
pure PEEK and CFR-PEEK composites. They also used polishing and
sandblasting methods to modify the sample surface. Cell experiments
showed that L929 fibroblast density of printed PEEK and CFR-PEEK
samples without polishing and sandblasting were significantly higher
than that of polished and sandblasting samples. Cytotoxicity tests showed
that pure PEEK and CFR-PEEK composites with or without polishing and
sandblasting were not cytotoxic [164]. The reasonwhy CFR-PEEK did not
show cytotoxicity in this study is that the content of carbon fiber is only
five percent of CFR-PEEK. In previous studies [21,22], CFR-PEEK
exhibited cytotoxicity because CFR accounted for more than 25% of
the CFR-PEEK content.

Introducing a three-dimensional porous structure into PEEK material
can provide space for bone ingrowth, which will enhance the bonding
strength of the bone implant [165,166]. Magnesium ions can promote
angiogenesis [167,168] and accelerate osteogenesis [169–171]. Wei
et al. fabricated porous PEEK scaffolds by the FDM technique. The
magnesium ion-chelated PDA was then coated on the porous PEEK
scaffold. In vitro results showed that the activated surface promoted the
proliferation, adhesion, and differentiation of MC3T3-E1 cells. At the
same time, magnesium ions released by the graft promoted angiogenesis.
Rabbit femur implantation experiments also showed that modified PEEK
significantly promoted osseointegration [172].

However, 3D printing also has some disadvantages. First, the layer-
by-layer approach of 3D printing leads to anisotropy, which causes ma-
terials with different mechanical properties in different directions. Sec-
ond, 3D printing technology requires laboratories to be equipped with
digital file acquisition equipment and CAD software, which increases the
cost of 3D printing technology. Third, 3D printing requires sophisticated
technology, expensive material costs, and time-consuming post-process-
ing. A lack of trained operators may also hinder the application of 3D
printing in medicine [173].

In clinical applications, 3D scanners and CT will be better integrated
with 3D printing technology, which can simplify the production process,
reduce labor costs andmake products more accurate [174]. In addition to
this, virtual reality (VR) designs can interact with 3D printing technology
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in the field of orthopedics. For example, individuals can design 3D
printing data directly in VR to better estimate product viability and
reduce wasted time and resources [173].

2.2.4. PEEK nano-composites
By adding nanomaterials to PEEK, it is possible to change the bio-

logical inertia of PEEK itself and improve its biological activity. As
mentioned earlier, nanoparticles have a higher specific surface area than
microparticles, which can enhance particle-matrix interaction [122]. LV
et al. mixed molybdenum disulfide (MoS2, MS) nanosheets into PEEK to
produce MS/PEEK composite material (MPC). The hydrophilicity test
showed that the surface roughness and hydrophilicity of the MPC
increased. In addition, cell culture experiments showed that adhesion
and proliferation of MPC on rat bone marrow stromal cells increased,
indicating good cytocompatibility [175]. Zhang et al. fabricated
macro-microporous bone implants (mBPC) with nano-bioglass (NBG)
and PEEK using a sol-gel method and cool-pressed sintering and particle
leaching. They then added the hinokitiol (HK) drug to mBPC (dmBPC).
Antibacterial experiments found that dmBPC possessed excellent anti-
bacterial activity against Staphylococcus aureus in vitro. Compared with
macroporous NBG/PEEK Composite (BPC) and macroporous PEEK
(MPK), mBPC and dmBPC significantly promoted the proliferation and
ALP activity of MC3T3-E1 cells. In animal experiments, microscopic CT
and histological evaluations revealed that both mBPC and dmBPC
induced greater new bone formation than MPK and BPC. Immunohisto-
chemical analysis showed that BMP-2 expression levels increased in
mBPC and dmBPC in comparison with MPK and BPC [176]. Cao et al.
prepared multi-walled carbon nanotubes (MWCNTs)/PEEK composites
by co-precipitation and injection molding techniques. The roughness and
hydrophilicity of the synthesized composites were increased. Cell ex-
periments showed that the adhesion and proliferation of MC3T3-E1 os-
teoblasts on the synthesized composites were also increased [177]. Ma
et al. prepared nano-hydroxyapatite PEEK (n-HA/PEEK) and
nano-calcium silicate PEEK (n-CS/PEEK) composites using composite
and injection molding techniques. Through a rabbit skull defect model,
both n-CS/PEEK and n-HA/PEEK promoted osseointegration more than
pure PEEK [178]. Tang et al. used the injection-molding machine to
synthesize nano-calcium silicate (n-CS)/PEEK composite material. The
surface of the n-CS/PEEK composite was treated with sandpaper and
sandblasting. The hydrophilicity test showed that the surface treatment
significantly increased hydrophilicity. Assessment of apatite formation
demonstrated that the mineralization of treated n-CS/PEEK is signifi-
cantly enhanced in SBF. Furthermore, cell experiments showed that
treated n-CS/PEEK remarkably promoted attachment, proliferation, and
differentiation of MC3T3-E1 cells when compared with the untreated
material [179].

2.2.5. PEEK and inorganic ion composites
The incorporation of inorganic ions in PEEK may increase its bio-

logical activity. The following studies outline recent developments in the
area. Ren et al. synthesized cubic sodium tantalate (ST) submicron par-
ticles by a hydrothermal method. They then prepared ST/(PEEK) com-
posites (TPC) by melting and blending. In vitro results showed that the
compressive strength, surface roughness, thermal properties, hydrophi-
licity, surface energy, and protein adsorption of TPC were significantly
enhanced compared to pure PEEK. Cell experiments showed that adhe-
sion, proliferation, and differentiation of rBMSCs on TPC were greatly
promoted [180]. Ge et al. synthesized niobium pentoxide (Nb2O5)
submicron-particles by sol-gel method. Then PEEK/Nb2O5 composites
(PNC) were fabricated by pressing and sintering. In vitro experiments
showed that in comparison with PEEK, the hydrophilicity, surface en-
ergy, surface roughness, and protein absorbability of PNC composites
were improved. Cytotoxicity tests showed that PNC had no adverse ef-
fects on cell proliferation and morphology. Furthermore, adherence,
proliferation, and osteogenic differentiation of rBMSCs on PNC were also
higher than normal PEEK [181]. Pezzotti et al. incorporated Si3N4
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particles into PEEK by melting and blending. Antibacterial experiments
showed that the growth of live Staphylococcus epidermidis was greatly
reduced on PEEK/Si3N4 composites versus normal PEEK. In vitro exper-
iments showed that human osteosarcoma cell proliferation and differ-
entiation were significantly enhanced by the composite [182]. Sikder
et al. synthesized the AMP-PEEK complex by melting and mixing PEEK
with novel AMP particles. They dipped AMP-PEEK into SBF liquid and
found that the apatite formation was significantly higher in comparison
to pure PEEK. Cell experiments found that the adhesion and proliferation
of MC3T3-E1 cells on the AMP-PEEK composite were also increased.
Femoral implantation experiments in rats showed that the AMP-PEEK
composite had higher osseointegration and new bone formation
compared with pure PEEK [183]. Mei et al. synthesized PEEK/Ta2O5
composites (PTC) by mixing tantalum pentoxide (Ta2O5) into PEEK via
cold press sintering and then sandblasting to roughen the surface. In vitro
experiments demonstrated that surface hydrophilicity, energy, roughness
as well as protein adsorption of the composite were all improved. The
adhesion, proliferation and osteogenic differentiation of BMSCs on the
composite were also significantly increased [184]. Feng et al. mixed
poly(L-lactide) (PLLA) powder and β-tricalcium phosphate (β-TCP)
powder into PEEK and prepared PEEK/β-TCP/PLLA composite by laser
sintering. Cell culture experiments showed that PEEK/β-TCP/PLLA
composite promoted osteoblast adhesion, proliferation, and differentia-
tion. In vivo experiments, microscopic CT, X-ray, and histological evalu-
ations found that PEEK/β-TCP/PLLA composites remarkably promoted
bone formation and regeneration [185]. Cai et al. mixed mesoporous
diopside (MD) into PEEK and produced macro-mesoporous PEEK/MD
(PM) composites using cold-press- and salt-leaching. Cell experiments
showed that the macro-mesoporous PM composite promoted the adhe-
sion, proliferation, and osteogenic differentiation of MC3T3-E1 cells. In
rabbit femur defects, porous PM composites significantly enhanced
osteogenic properties. In addition, immunohistochemistry showed
higher expression of type I collagen and vascular endothelial growth
factor (VEGF), suggesting that macro-mesoporous PM greatly enhances
osteogenic potential and vascularization [186]. Half a year later, Cai
et al. synthesized mesoporous magnesium calcium silicate
(M-MCS)/PEEK composite (MPC) by cold pressing and sintering, before
roughening the surface by sandblasting. They then loaded genistein into
nanopores of the sand-blasted MPC. The findings were that compared
with MPC, surface roughness and hydrophilicity of sandblasted MPC
significantly increased. Apatite mineralization in SBF solution was also
enhanced. Cell experiments showed that adhesion, proliferation, and
differentiation of MC3T3-E1 cells increased. In comparison with the first
two complexes, genistein-loaded MPC promoted higher cell adhesion,
proliferation, and differentiation. In beagle dog femur defect experi-
ments, the osteogenic ability of the materials was as follows in increasing
order, MPC, sandblasted MPC, and genistein-loaded MPC [187]. Jung
et al. fabricated PEEK and titanium particle composites by compression
molding. They tested titanium particles in a range of 0 vol% to 60 vol%.
The mechanical tests demonstrated that the compressive strength and
stiffness of the composites increased with titanium content. Furthermore,
the adhesion, proliferation, and differentiation of MC3T3-E1 cells on the
composite material were significantly improved [188].

3. Anti-infective function

In orthopedic surgery, implants in the body are highly susceptible to
infections, which is a major cause of implant failure [189]. The incidence
of surgical area infections is steadily increasing, with estimates ranging
from 2.1% to 8.5% in instrumental procedures [190]. The researchers
estimate the additional cost per infected patient to be as high as $100,000
[191]. This leads to increased morbidity and mortality and increased
global healthcare costs [192]. Surgical area infection remains a serious
challenge in orthopedics. Some studies have shown that S. aureus is the
most common pathogen after orthopedic surgery, followed by E. coli
[193]. The bacteria are presumed to have come from the skin near the



Fig. 8. Modification strategies of PEEK to improve antibacterial property.

Z. Zheng et al. Materials Today Bio 16 (2022) 100402
surgical site [194]. Studies have also shown that infection rates are 28%
higher in patients with implants than in those without because the sur-
faces of implants provide a convenient place for bacteria to grow and
biofilm to form [195]. The infection is particularly difficult to control
because biofilm bacteria are highly resistant to antibiotic treatment [196,
197]. Therefore, it is of great significance to develop implant materials
with antibacterial properties and osteogenic ability [198]. The methods
of enhancing PEEK antimicrobial performance include sulfonation
treatment, coating antibiotics/antimicrobial peptides/antimicrobial
polymers, coating metal nanoparticles, etc. (Fig. 8, Table 3).

3.1. Study on antibacterial activity of sulfonated PEEK

3.1.1. Study on surface modification of sulfonated PEEK
Concentrated sulfuric acid can corrode PEEK and form three-

dimensional morphology on PEEK [199]. This process is called sulfona-
tion. The three-dimensional porous structure formed by sulfonation can
get better cell adhesion on the PEEK surface [88]. A previous study
showed that sulfur-containing compounds have excellent bactericidal
properties [200]. Sulfonated PEEK disrupts bacterial cell membranes to
achieve bactericidal effects [82]. Ouyang et al. sulfonated PEEK with
concentrated sulfuric acid and adjusted the temperature to obtain
different sulfur concentrations. In vitro cell proliferation and real-time
PCR analysis showed increased proliferation and osteogenic differentia-
tion of rBMSCs on samples with low sulfur content. In vitro antibacterial
evaluation demonstrated that sulfonated samples with different sulfur
concentrations all had excellent antibacterial activity against S. aureus
and E. coli. Rat femoral implantation experiment showed that sulfonated
PEEK not only killed the pre-injected bacteria but also enhanced new
bone formation [82]. Montero et al. tested the effects of PEEK with
different sulfonation times on biofilm growth. Biofilm evaluation found
that sulfonation times between 2 h and 3 h were most effective in
inhibiting growth [84]. Wang et al. prepared PEEK with layered
micro/nano morphology by simple sulfonation combined with argon
plasma treatment. PEEK showed good antibacterial activity in vitro. Cell
adhesion experiments showed that PEEK improved MG-63 cell adhesion,
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proliferation, and osteogenic differentiation [85]. Liu et al. used custom
magnetron sputtering technology to fix copper nanoparticles on the
sulfonated PEEK surface. In vitro and in vivo antibacterial experiments
showed that sulfonated PEEK showed good antibacterial activity against
MRSA, and the sulfonated PEEK mixed with copper could play a better
bactericidal role. Meanwhile, macrophages cultured on the modified
PEEK could be polarized into a pro-inflammatory phenotype, which
could improve the ability of macrophages to phagocytose MRSA [83].

3.1.2. Study on sulfonation of composite materials
Although the mechanical properties and bioactivity of PEEK com-

posites containing bioactive fillers were improved, most of the bioactive
fillers were dispersed into the PEEK matrix and did not significantly
improve the surface bioactivity because only a few bioactive materials
were exposed on the surface [201,202]. The surface properties (such as
chemical composition and morphology) of non-degradable biomaterials
for permanent implantation in the human body have a crucial impact on
their biological properties [201]. Therefore, some researchers sulfonated
PEEK complexes to further improve osteogenic activity and antibacterial
activity. Niu et al. synthesized PEEK/nano-magnesium silicate
(PEEK/n-MS) composites (PC), which were subjected to surface treat-
ment by particle impact (PCP), before modification with concentrated
sulfuric acid (PCPS). The surface roughness, hydrophilicity, and apatite
mineralization of PCPS were greatly enhanced compared with PC and
PCP. Antibacterial experiments showed that PCPS had antibacterial ac-
tivity against E. coli and S. aureus. Cell culture experiments also found
that the adhesion, proliferation, and differentiation of rBMSCs on PCPS
were improved [203].

In recent years, tantalum (Ta) biomaterials have been increasingly
used in bone repair due to their good biocompatibility and osteogenic
activity [204]. Luo et al. prepared Ta/PEEK composite material (TP) by
blending Ta nanoparticles with PEEK and then treated with concentrated
sulfuric acid to form a microporous surface containing Ta particles on TP
(TPS). Genistein, which has antibacterial properties, was then loaded
onto the microporous surface of TPS (TPSG). Due to the presence of
sulfonic groups, TPS showed low antibacterial performance, while TPSG
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showed excellent antibacterial performance. In addition, compared with
TP, TPS significantly promoted the adhesion and proliferation of MG63
cells in vitro, while TPSG and genistein significantly induced osteogenic
differentiation of MG63 cells. In vivo experiments showed that TPS pro-
moted new bone regeneration and bone integration compared with TP,
while TPSG further enhanced bone regeneration and bone integration in
vivo [86]. Mei et al. prepared PEEK/nanoporous tantalum pentoxide
(NTP) composite (PN) by sol-gel method and cold press-sintering. PN was
treated with concentrated sulfuric acid to form SPN. They then added
genistein to the SPN surface forming SPNG. In vitro antibacterial exper-
iments showed that SPNG had excellent antibacterial activity due to the
synergistic effect of both the sulfonic acid (SO3H) group and the
continuous release of genistein. Cell experiments demonstrated that
when compared with PN, the adhesion, proliferation, and osteogenic
differentiation of rBMSCs on SPN and SPNG were enhanced. In animal
experiments, SPN and SPNG had greater bone formation than PN [205].

Notwithstanding the above studies showed that sulfonated PEEK had
excellent osteogenic and antibacterial properties. However, it has been
reported that the sulfur functional groups produced by sulfonation have
negative effects on human cells [79–81]. For example, low-valence sulfur
compounds may produce oxygen free radicals that damage cells [79].
Researchers need more in vitro and in vivo studies to study the safety of
sulfonated PEEK.

3.2. Coating antibacterial material

3.2.1. Coating antibiotics
Intra-wound antibiotic powders have been used in many orthopedic

procedures [206], which also minimize systemic exposure and side ef-
fects [207]. Although the use of intrawound antibiotic powder is effective
in killing bacteria, it has potential adverse effects, including antibiotic
resistance [208], circulatory collapse, and decreased bone healing [209].
However, combining antibiotics and bone repair materials, such as
demineralized bone matrix (DBM), into implants gives the best of both
worlds [209]. Gentamicin sulfate (GS) is widely used in orthopedic sur-
gery due to its broad-spectrum antibacterial activity [210]. Xue et al.
coated PEEK with layers of CaHPO4⋅2H2O (CAP) containing GS to obtain
PEEK/CAP-GS. This was done via an LBL deposition method. In vitro
antibacterial experiments showed that PEEK/CAP-GS samples had
incredible antibacterial properties. Cell experiments demonstrated that
PEEK/CAP-GS had good biocompatibility with MG-63 cells and
enhanced osteogenic differentiation. Animal experiments involving rat
femoral defects again revealed that PEEK/CAP-GS exhibited excellent
antibacterial activity, as well as better osteointegration [211]. Yan et al.
coated porous PEEK's surface with silver nanoparticles (AgNPs) bound to
silk fibroin (SF)/GS. Antimicrobial experiments found that the modified
PEEK had remarkable biocidal activity against Gram-positive and
Gram-negative bacteria. Cell experiments showed that MC3T3-E1 cells
exhibited increased adhesion, proliferation, and differentiation on
modified PEEK compared with bare PEEK [212]. Sun et al. grafted GS on
sulfonated PEEK using the self-polymerization of dopamine technique.
The modified PEEK exhibited excellent antibacterial and osteogenic ac-
tivities in vitro and in vivo [213]. Yin et al. developed a multifunctional
PEEK with triple antitumor, antibacterial, and osteogenic effects. They
coated MXene nanosheets, gelatin methacrylate (GelMA) hydrogel, and
tobramycin on sulfonated PEEK. Under near-infrared irradiation, the
modified PEEK can kill osteosarcoma cells. Meanwhile, the tobramycin
coating showed strong in vitro antibacterial properties. In vivo and in vitro
experiments showed that this multifunctional PEEK has excellent osteo-
genic ability [214]. The researchers did not individually evaluate the
antibacterial ability of sulfonated PEEK [214]. Xu et al. immobilized
dexamethasone plus minocycline-loaded liposomes (Dex/Mino lipo-
somes) on the PEEK surface with PDA. Cell experiments showed that
human mesenchymal stem cells had improved osteoblast differentiation
on the modified PEEK in comparison with bare PEEK. In vivo experiments
demonstrated that modified PEEK had excellent antibacterial activity.
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Furthermore, the Dex/Mino liposome coating enhanced the
anti-inflammatory and osteointegration properties of the implant
through subcutaneous foreign body reactions and beagle femoral implant
models [215].

3.2.2. Coating antimicrobial peptides
Antimicrobial peptides (AMPs) have broad-spectrum and powerful

antibacterial abilities [216]. They can exert antibacterial effects on
various microorganisms including drug-resistant microorganisms [217].
Some studies have pointed out that antimicrobial peptides also have the
dual effects of eliminating biofilms and immunomodulatory attenuating
inflammatory responses [218,219]. Meng et al. coated PEEK's surface
with the antimicrobial peptide KR-12 and PDA. In vivo and in vitro anti-
bacterial experiments showed that the coated PEEK had significantly
enhanced its antibacterial activity against S. aureus (ATCC 25923) versus
unmodified PEEK. Cell experiments demonstrated that modified PEEK
greatly enhanced adherence, proliferation, and osteogenic differentiation
of rBMSCs. Animal experiments showed that PEEK with KR-12 coating
also promoted femoral osteointegration in rats [220]. Mouse
beta-defensin-14 (MBD-14) is a natural antimicrobial peptide with
similar broad-spectrum activity against Gram-positive, Gram-negative,
multidrug-resistant bacteria, fungi, and viruses [221–223]. Yuan et al.
coated mouse MBD-14 on a sulfonated PEEK surface. In vitro antibacterial
experiments showed that modified PEEK had increased antibacterial
activity against S. aureus and Pseudomonas aeruginosa. Furthermore, the
proliferation and osteogenic differentiation of rBMSCs on modified PEEK
were also enhanced. In an infected rat femur model, modified PEEK
enhanced the osteointegration ability of the rat femur while successfully
inhibiting bacterial growth [224].

3.2.3. Coating natural antibacterial materials
Some natural antibacterial materials have remarkable antibacterial

properties, such as butyrate [225], and chlorogenic acid [226]. Some
researchers modified PEEK with these natural antibacterial materials and
achieved excellent antibacterial properties and osteogenic activity.

Butyrate is involved in a variety of biological processes and exerts
anti-inflammatory, antibacterial, and immunomodulatory effects
[227–230]. Several studies have shown that butyrate can increase the
secretion of reactive oxygen species (ROS) from macrophages and
enhance the phagocytic capacity of macrophages [231–233]. Yang et al.
loaded sodium butyrate onto porous sulfonated PEEK. The study found
that in the presence of bacteria, the phagocytic activity of macrophages
increased with the concentration of sodium butyrate by generating ROS.
After bacterial clearance, the modified PEEK could polarize macrophages
to the M2 phenotype and then stimulate anti-inflammatory cytokine
secretion. Therefore, sodium butyrate has a dual role here. In addition,
the modified PEEK increased the expression of osteogenic genes and
proteins in rBMSCs. In a rat model of osteomyelitis, the modified PEEK
exhibited excellent anti-infective activity and promoted new bone for-
mation [225].

Chlorogenic acid, extracted from plants such as honeysuckle, is an
ester compound (consisting of caffeic acid and quinic acid) with anti-
inflammatory and antioxidant effects [234]. Besides, it is a non-toxic
natural product with excellent antibacterial properties [235,236]. He
et al. used grafted peptide hydrogels system to load chlorogenic acid onto
sulfonated PEEK surfaces. Cell experiments showed that MC3T3-E1 cells
exhibited enhanced adhesion and proliferation on the modified PEEK.
Furthermore, the modified PEEK exhibited excellent antimicrobial ac-
tivity against both Gram-negative and Gram-positive bacteria due to
chlorogenic acid release [226]. In this study, the authors did not sepa-
rately study the antibacterial activity of sulfonated PEEK [226].

3.2.4. Coating antimicrobial polymers
Several studies have shown that some synthetic lactams, which are

structurally similar to furanones [237–239], are active against biofilms of
Enterococcus faecalis, Pseudomonas aeruginosa, and Staphylococcus
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epidermidis [238,240]. Montero et al. sulfonated PEEK and then com-
bined it with a new lactam-based antibacterial membrane compound.
The antibacterial experiments showed that the morphology of Strepto-
coccus mutans on sulfonated PEEK was slightly changed, and the growth
of Streptococcus mutans on the surface of sulfonated PEEK containing the
antibacterial film was significantly reduced. Analysis of plankton growth
showed that sulfonated PEEK containing the antibacterial film was not
toxic [241]. Previous studies have shown that PEEK grafted with anti-
fouling polymer has an antibacterial effect [242,243]. However, some
experts believe that grafting antibacterial polymers alone usually only
temporarily reduces the number of bacteria that cling to the implant's
surface [244]. Buwalda et al. grafted an antifouling polymer (modified
poly(ethylene glycol)) and a bactericidal polymer (quaternized poly(-
dimethylaminoethyl acrylate)) onto PEEK using UV photo insertion.
Antimicrobial experiments showed that the adhesion of S. aureus on the
PEEK surface was significantly reduced. The cytotoxicity test showed that
PEEK was not cytotoxic after modification [244].

Carboxymethyl chitosan (CMC) is a water-soluble chitosan derivative
with good biocompatibility, non-immunogenicity, and antibacterial
properties, which has a wide range of applications in the biomedical field
[245]. In addition, CMC also possesses osteogenic properties [246–248].
Xu et al. synthesized carbon fiber reinforced PEEK/nano-hydroxyapatite
(CFR-PEEK/n-HA) composites through a process of compounding and
injection-molding. They then grafted CMC and bone-forming peptide
(BFP) covalently with PDA. Antimicrobial experiments demonstrated
that the modified PEEK significantly inhibited bacterial adhesion of
S. aureus. While cell culture experiments showed that modified PEEK
increased adhesion, proliferation, and osteogenic differentiation of
human mesenchymal stem cells more than unmodified PEEK. Animal
studies also revealed that the modified PEEK material promoted tibial
osseointegration in beagles [249].

3.2.5. Coating graphene oxide
Graphene oxide (GO), an important graphene derivative, contains a

large number of reactive oxygen functional groups [250]. GO can
significantly improve its interaction with proteins through hydrophobic
and electrostatic interactions [251,252], and promote osteogenic dif-
ferentiation [253]. In addition, GO nanosheets have obvious antibacte-
rial ability against Gram-negative and Gram-positive bacteria [254]. GO
has been widely used in various biotechnologies such as nanoprobes
[255], biosensors [256], drug delivery [257], cell imaging [258] and
tissue engineering [259,260]. However, studies have shown that GO can
generate ROS in target cells [261]. Moreover, the GO solution [254] is
more toxic than the GO coating matrix [262]. Ouyang et al. coated gra-
phene oxide on sulfonated PEEK. After detailed characterization, PEEK
showed an excellent inhibitory effect on E. coli. PEEK could significantly
accelerate the proliferation and osteogenic differentiation of MG-63 cells.
However, the author did not conclude that sulfonated PEEK had anti-
bacterial properties in the experiment, nor did he give an explanation
[263]. Wang et al. assembled graphene oxide nanosheets, PDA nano-
films, and oligopeptides onto the surface of porous sulfonated PEEK. In
vitro experiments showed that the modified PEEK increased cyto-
compatibility, alkaline phosphatase activity, calcium matrix deposition,
and osteogenesis-related gene expression. Experiments in rabbit femur
defect animal models confirmed that modified PEEK promoted osseoin-
tegration and bone remodeling in vivo. Furthermore, graphene oxide and
PDA coatings were anchored to the sulfonated PEEK surface, resulting in
a powerful antibacterial phototherapy effect [264]. The authors also did
not evaluate the antibacterial effect of sulfonated PEEK alone [264].

3.3. Coating or filling with metal nanoparticles or inorganic particles

3.3.1. Zinc-modified PEEK
Zinc (Zn) is a structural or functional component of several proteins

that promote cell proliferation, differentiation, and bone-related gene
expression [265,266]. In addition, Zn is a broad-spectrum antibacterial
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agent, and Zn does not cause bacterial mutation [267]. Therefore, the
addition of Zn at reasonable doses is promising to stimulate bone for-
mation and inhibit bacterial growth [268,269]. Due to the reactive na-
ture of zinc, the outer layer of the zinc coating reacts with oxygen to form
zinc oxide. Studies have shown that ZnO nanomaterials also have
excellent antibacterial effects [270–272], especially against
Gram-positive bacteria [273]. In addition, zinc oxide is FDA-approved for
in vivo applications [274]. Ye et al. synthesized antimicrobial PEEK by an
anodic aluminum oxide (AAO) template printing and a hydrothermal
two-step method. The bottom sheet was solid PEEK material, the middle
structure was a cicada wing-like nanopillar array, and lastly the top layer
was decorated with catkin-like ZnO nanoslices. In vivo implantation ex-
periments showed that the composite material can effectively kill inoc-
ulated S. aureus [275]. Deng et al. coated silver ions and zinc ions on
sulfonated PEEK via LBL self-assembly. The antibacterial experiments
revealed that the sulfonated PEEK modified by Ag and Ag/ZnO inhibited
the growth of Gram-negative and Gram-positive bacteria. They also
found that proliferation and osteogenic differentiation of MG-63 cells
were significantly enhanced on Ag/ZnO modified sulfonated PEEK
compared with Ag and ZnO modified sulfonated PEEK [225]. In this
study, the researchers did not individually test sulfonated PEEK for
antibacterial activity [276]. Lu et al. modified CFR-PEEK using dual zinc
and oxygen plasma immersion ion implantation (Zn/O-PIII). Both
MC3T3-E1 cells and rBMSCs showed enhanced adherence, proliferation,
and differentiation on the modified CFR-PEEK. In vitro antibacterial ex-
periments demonstrated that the modified CFR-PEEK exhibited strong
antibacterial activity against S. aureus (ATCC 25923), MRSA (ATCC
43300), and S. epidermidis (ATCC 35984) [277]. Yang et al. loaded zinc
oxide and graphene oxide on sulfonated PEEK. The results show that the
modified PEEK samples have good biocompatibility. Meanwhile, the
modified PEEK has an obvious inhibitory effect on S. sanguinis, F. nucle-
atum, and P. gingivalis [278]. The researchers also did not study the
antibacterial ability of sulfonated PEEK alone [278]. Zhang et al. coated
acrylic acid with zinc ions on PEEK by plasma-induced graft polymeri-
zation technique. Cell experiments showed that the modified PEEK pro-
moted the proliferation and differentiation of MC3T3-E1 cells.
Antibacterial tests showed that the modified PEEK effectively inhibited
the growth of S. aureus with the release of zinc ions [279].

However, excess zinc ions can have negative effects on the body. For
example, the liver of mice showed transient pathological changes
following oral administration of ZnO (2.5 g/kg) [280]. Intratracheal
infusion of ZnO increases LDH release and neutrophil numbers [281].
Furthermore, ZnO damages alveolar epithelial cells by increasing ROS
and causing mitochondrial dysfunction [282]. Zinc ions released from
the implant are transported to the organ through the blood and may
negatively affect the organ. Although similar studies have not been
conducted, we should still pay attention. Therefore, it is necessary for
researchers to measure the concentration of zinc ions in the blood and
simultaneously test the toxic effects of organs when using zinc
ion-modified implants.

3.3.2. Silver-modified PEEK
Silver has been a common disinfectant for thousands of years because

it is highly toxic to a wide variety of microorganisms [283]. It is difficult
for bacteria to develop resistance to it. However, silver-resistant bacteria
still appear [284,285]. It has also been shown to have the ability to
interfere with different pathways of bacterial metabolism [286,287]. For
example, some researchers have coated silver ions on titanium substrates,
and the electron transfer generated by silver and titanium can generate
large amounts of ROS in bacterial cells and culture medium, resulting in
bacterial death [287]. Today, silver ions have been shown to produce
synergistic antibacterial activity with antibiotics and even expand the
antibacterial spectrum [288]. Liu et al. coated the surface of PEEK with
silver nanoparticles by magnetron sputtering. Through a water contact
angle test, it was demonstrated that the modified PEEK's water contact
angle was significantly increased in comparison with the naked PEEK.
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Cytotoxicity testing showed that the modified samples were not cyto-
toxic. Results from antibacterial experiments suggested that the modified
PEEK significantly improved antibacterial properties [289]. Deng et al.
developed 3D-printed PEEK with silver decoration using catecholamine
chemical technology. Antibacterial testing revealed that their modified
PEEK had excellent antibacterial activity against E. coli and S. aureus. Cell
culture experiments showed that cell proliferation and differentiation of
MG-63 cells were enhanced on the modified PEEK [290]. Yan et al.
synthesized copper oxide microspheres decorated with silver nano-
particles and then used silk fibroin to coat the porous PEEK's surface. In
vitro antibacterial experiments showed that the modified PEEK had great
antibacterial properties and could prevent the formation of biofilm.
Through experimentation with cultured Adipose-derived mesenchymal
stem cells and human umbilical vein stem cells, the modified PEEK can
induce the production of ALP, NO, collagen, and calcium deposition.
These findings suggested that the modified PEEK can promote bone
formation and angiogenesis. A rabbit tibia model then demonstrated that
the modified PEEK promoted bone regeneration and osseointegration
[291]. Yang et al. obtained a sulfonated porous PEEK by sulfonating
PEEK and then modified it with an in situ synthesis of zeolite imidazo-
lium framework-8 (ZIF-8), which was loaded with silver ions. The anti-
bacterial test results showed that PEEK had excellent antibacterial
performance against E. coli and S. aureus. The excellent antibacterial
activity was attributed to the synergistic effect of silver and zinc ions
continuously released from the modified PEEK [292]. The researchers
did not specify the antibacterial properties of sulfonated PEEK [292].

Despite the excellent antibacterial properties of silver ions, some
studies have shown that excess silver ions have cytotoxic effects on
mammalian cells [293–296]. Some experts pointed out that silver ions
can disrupt the mitochondrial respiratory chain, leading to the inter-
ruption of ROS production and ATP synthesis, resulting in DNA damage
[297,298]. Therefore, implants with silver ions must incorporate an
optimal amount of silver to have good antibacterial activity and a
non-cytotoxic effect.

3.3.3. Zirconium-modified PEEK
Nanostructured zirconia (ZrO2) and ZrO2 coatings have good bioac-

tivity [299–302]. ZrO2 has not been reported to exhibit any toxic effects
and immune responses in vitro [303,304]. Moreover, the nanostructured
ZrO2 and ZrO2 coatings have good bioactivity and cytocompatibility
[301,302,305–308]. In addition, ZrO2 has good osseointegration ability
[309–311]. Most importantly, ZrO2 nanoparticles have antibacterial ef-
fects against both Gram-negative and Gram-positive bacteria [312,313].
Li et al. introduced bioactive ZrO2 onto the surface of CFR-PEEK by zir-
conium plasma immersion ion implantation (Zr-PIII). Cell culture ex-
periments showed that adherence, proliferation, and differentiation of
rBMSCs were significantly increased on CFR-PEEK after PIII treatment.
The treated CFR-PEEK showed clear antibacterial activity against
S. aureus [314].

3.3.4. Nitrogen-modified PEEK
Studies have shown that nitrogen PIII can introduce nitrogen-

containing functional groups into the surface of polymer materials, and
the formed surface has osteogenic and antibacterial properties [315,
316]. Gan et al. used PIII to introduce nitrogen-containing functional
groups into PEEK. In vitro experiments showed that adherence, prolifer-
ation, and osteoblastic differentiation of MG-63 cells were remarkably
increased on PEEK after modification. The obtained PEEK surface layer
showed excellent antimicrobial activity against S. aureus [317]. Likely
reasons include greater surface roughness, improved hydrophilicity, and
nitrogen-containing functional groups that can inhibit the adhesion of
bacteria.

4. Future prospects and challenges

Although PEEK has been approved by the FDA as an implantable
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biomaterial since the late 1990s, more studies are needed to strengthen
the application of modified PEEK materials in clinical practice. First of
all, adding porosity has involved a trade-off in the mechanical perfor-
mance of orthopedic load-bearing PEEK for tissue ingrowth around an
implant. For this reason, the first medical device containing porous PEEK
only got FDA approval in 2014. More processing methods should be
developed to connect a porous surface to a solid base thus providing
shear strength closer to cortical/trabecular bone.

Secondly, enhanced surface roughness can promote the attachment of
both bony and bacterial cells. Thus, the roughness/pore shape of the
PEEK surface should be optimized to inhibit bacterial adhesion and
biofilm formation.

Thirdly, it is worth noting that the unrestrained release of antibiotics
has led to bacterial resistance. Moreover, Ag/ZnO nanoparticles and high
concentrations of Agþ and Zn2þ can produce ROS and cause oxidative
stress in bone cells. Hence, extensive studies are needed to improve drug/
nanoparticle encapsulation in the PEEK matrix and provide controlled
release of antibacterial therapy.

5. Conclusions

PEEK has stable chemical and physical properties, excellent X-ray
transmittance, and mechanical properties similar to human bones.
Because of these characteristics, PEEK is widely used as an orthopedic
implant material. However, PEEK itself is biologically inert, which can
lead to poor osseointegration after implantation. In addition, PEEK alone
has no antimicrobial properties, which could lead to implant failure.
PEEK modification methods mainly include surface modification and
composite preparation. When using these two methods to modify PEEK,
attention should be paid to maintaining the stability of the surface
coating and the mechanical properties of the composite material.
Improving the bioactivity and antibacterial properties without affecting
mechanical properties is the main challenge. Furthermore, the
complexity and manufacturing costs of modifying PEEK should be taken
into account.
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