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ABSTRACT 

Polyether ether ketone (PEEK) is one the most interesting polymeric materials used in the industry today, such as aerospace, nuclear 

reactors, polymer electrolyte membranes and especially in biomedical applications like bone implants. PEEK’s desirable properties like 

mechanical strength, biocompatibility, chemical resistance, radiation resistance and high thermal stability in the body make this suitable 

polymer choice for a bone implant. Besides these useful properties, PEEK is bio-inert in the biological environment, which is a big 

problem in implant application.  Fortunately, there are several methods to improve the surface bioactivity of such materials. Here surface 

modification methods of the PEEK, including laser and their effect on the surface bioactivity were studied. Laser techniques are one of 

the exciting methods for PEEK surface modification because of being a secure processing method, time-consuming, easy to control the 

laser parameter, which leads to the control of surface properties. Several kinds of laser with different settings is used for the enhancement 

of the surface of PEEK, were described here. Here different surface modification techniques to enhance the adhesion and wettability of 

the PEEK surface studied. Along with varying categories of laser were introduced and different laser methods, which used for PEEK 

surface treatment is collected, that is the exciting point of this review paper. 

Keywords: Polyether ether ketone (PEEK); Laser; Surface modification; Biocampatibity. 

 

1. INTRODUCTION 

 Bone and joint-related diseases, like vertebral degradation, 

bone fracture, tumor, tuberculosis, and arthritis pulse aging-related 

bone degradation and bone injuries, caused by accident, increase 

the inquiry of artificial bone replacement to restore bone function 

and structure [1]. Orthopedic implants, which are used to restore 

the bone function in implant surgery, are divided into three main 

categories, including 1. Metal and Metal alloy, 2. Ceramic, and 3. 

Polymer. All of these materials have some advantages and 

disadvantages. Metal bone implants have excellent mechanical 

strength, friction-resistance and can provide non-toxic effect, but 

some defects like high elastic modules can cause stress shielding, 

leading to adsorption of surrounding bone tissue, which finally 

causes loosening of the implant [2-5]. Further, the radiopacity of 

metals hinders the ability to track the implant after surgery 

through imaging technique like computed tomography (CT) 

images and magnetic resonance imaging (MRI). 

 Additionally, the long-term presence of metals in the 

human body can cause allergic tissue reactions, which lead to 

osteolysis [6, 7]. About the ceramic implants, there are different 

groups like metal oxides, which are inert, but the bioactive groups 

like calcium phosphate and glass ceramics are a good choice. This 

is due to the fact that they can provide non-toxic properties and 

exhibit the biocompatibility and also resistant to corrosion, but 

their artifact is low mechanical properties like ductility, small 

fracture, low toughness, brittleness and high elastic modules 

which limit their application in load-bearing place [8]. For 

polymers, there are also some benefits like secure processing, but 

some limitations like high flexibility and weakness. These causes 

the materials poor mechanical properties as a bone implant, being 

sensitive to sterilization processes and they may lead to swelling 

in the body and leach products, which may have side effects [9, 

10].  

 As mentioned above, there are few choices for polymer as a 

bone implant because of the low mechanical properties, but today 

polyether ether ketone (PEEK) become a most interesting polymer 

in bone implant and medical application because of the having 

biocompatibility and excellent mechanical properties, which is 

close to bone tissue [11]. PEEK was used in different biomedical 

applications, like in vertebral surgery as a material of the 

interbody fusion cage, joint replacement, bone screws, pins, dental 

implant and also carbon fiber reinforced PEEK (CF/PEEK), used 

for fracture fixation and the femoral prosthesis in artificial hip 

joints [12, 13]. Still, this polymer is bio-inert, which means it 

shows low bioactivity for cell attachment in the body so it needs 

some modification methods [14]. Besides a lot of modification 

methods used for PEEK surface modification [15-17], the Laser 

method is a favorite technique, which offers a great number of 

advantages, like possible modification of surface roughness and 

chemistry in one-step, avoiding the utilization of toxic substances.  

 This technique keeps the bulk properties intact with the 

altering of surface properties, modification of the surface at a 

macro-, micro-, and nano-size scale with a high spatial and 

temporal resolution. The contamination of the process is easily 

avoided, offers high processing speed, easy automation, and the 

possibility to treat large areas by controlling the parameters of the 

laser process [18]. Therefore, laser technology has been used for 

surface modifications of materials, especially polymers like ultra-

High-Molecular-Weight Polyethylene (UHMWPE) [19-21], 

polypropylene (PP) [22, 23], Polyethylene (PE)[24, 25], 

Polycarbonate (PC) [26, 27], polytetrafluoroethylene (PTFE) [28], 

Polyimide (PI) [29]  and PEEK, in some studies [30]. 

 There are significant numbers of research regarding laser 

parameters like laser wavelengths and pulse duration to evaluate 

their effect on the surface modification of PEEK. Surface 
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functionalization of PEEK by a laser has been successfully 

achieved using laser wavelengths ranging from UV (355 nm) to 

middle infrared (10.6 μm) [31-33]. Also, there are several kinds of 

lasers with different powers that can be used to alter the surface 

properties like surface roughness, wettability, functional groups, 

and finally surface adhesion of PEEK, which is discussed here          

[32, 34]. 

2. PEEK 

 PEEK is a member of the polyaryl ether ketone family, 

which is a semi-crystalline and thermoplastic with linear 

polycyclic aromatic structure [35]. This polymer has particular 

physical and chemical properties because of the chemical 

composition, which has an aromatic molecular backbone with 

ketone and ether groups between the aryl rings. These this 

chemical structure makes the PEEK wear-resistant, thermal 

resistant, chemical resistant, and easily serializable. However, 

besides of its biocompatibility, and exhibiting great mechanical 

property such as close elastic module 8.3 GPa to bone tissue 17.7 

GPa, still has a big issue, being its bio-inertness [11, 13, 36, 37]. 

Very recently, PEEK has been used as an alternative to metallic 

implants in the orthopedics fields, because of the close elasticity 

modules to human bone tissue. This property causes load 

distribution between the implant and bone that forbids the 

phenomenon of stress shielding after implantation, which makes 

PEEK a good choice for bone implant substitutes like a skull, 

dental implant, and dental implant materials as a superstructure, 

implant abutment, fixed crowns, fixed bridge, jaw or implant body 

in comparison with metal implant [36, 38]. On the other hand, the 

defect of this polymer is the bio inertness, which causes neither 

protein absorption nor promotes cell adhesion that led to weak 

tissue adhesion and surrounding bonding [36, 39, 40]. Therefore, 

to achieve proper cell attachment, it is necessary to look for 

methods to enhance the bioactivity of this polymer. There are a 

variety of researches that have done to improve the bioactivity of 

the PEEK polymer through different ways including, chemical 

[41], mechanical and physical modification, each of them 

classified to various methods discussed here. The discussion 

followed by a laser technique, and the effect of laser on PEEK 

surface modification is discussed separately. 

. 

3. SURFACE MODIFICATIONS METHODS OF PEEK  

Surface modifications methods of PEEK. 

 Surface free energy is such an essential factor for cell 

adhesion. Through different modification methods, the surface 

energy of the adherent will change or increases to make bonding. 

The surface modification, which carries out for PEEK samples is 

different [15]. There are several methods for surface modification 

of the PEEK, which investigated in various categories in varieties 

of studies, but in general, the surface modifications of the PEEK 

divide into below categories: 

Chemical.  

 First, there are several chemical reactions, which change 

the surface functional groups and enhance the adhesion of the 

PEEK surface. However, the condition of this kind of chemical 

reaction is rigorous and difficult to control, because of the strict 

time-temperature-pressure conditions; therefore, it is not easy to 

implement as a solution on an industrial scale. There is some 

chemical modification, which creates functional groups on the 

PEEK surface like wet chemistry modification or sulfonating 

treatment. However, these have rarely used, because of the stable 

chemical structure of PEEK that makes it hard to change chemical 

reaction [42]. In addition, coating the PEEK surface [17] via 

different methods has been performed to create the functional 

groups on the PEEK surface. These methods include hydroxylated 

groups (PEEK–OH) obtained by reduction, Carboxyl groups 

prepared by coupling a diisocyanate reagent to PEEK–OH, Amine 

groups (PEEK–NH2) gained by hydrolysis of PEEK–COOH, and 

amino carboxylate PEEK obtained from the coupling of amino 

acids to PEEK–COOH [43, 44].  

Mechanical surface roughening.  

 Surface roughening is probably the easiest and the cheapest 

treatment technique that can be done using silica carbide paper or 

sand or grit blasting. Sometimes, with roughness, some adhesive 

like Epoxy, Acrylics, Cyanoacrylates, Urethanes, Silicones, 

Anaerobic were used, and the result showed Surface roughening 

of a PEEK compound in combination with epoxy adhesives 

resulted in increased bond strengths with values between 9MPa 

and 30MPa[45, 46].  

Surface coating. 

 There are various bioactive materials, which have been 

used as a coating on the surface of PEEK, including 

hydroxyapatite, titanium, gold, titanium dioxide, diamond-like 

carbon, and tert-butoxides [47, 48]. The most popular one is 

hydroxyapatite (HA), which is the calcium phosphate-based 

bioceramic with (chemical formula Ca10 (PO4)6(OH) 2) and 

exhibits perfect bioactive properties in the biological environment 

[49]. There are various methods to improve the surface bioactivity 

of the PEEK, with the help of bioactive materials coating. Some 

are cold spray technique, radio-frequency (RF) magnetron 

sputtering, spin coating techniques, aerosol deposition (AD), ionic 

plasma deposition (IPD), plasma immersion ion implantation and 

deposition (PIII&D), electron beam deposition, vacuum plasma 

spraying (VPS), physical vapor deposition (PVD), and arc ion 

plating (AIP) [50]. 

PEEK Composite. 

 Another approach to make the PEEK surface bioactive is 

the composite structure. In this method, some bioactive materials 

which have good adhesion properties as Hydroxyapatite will be 

used as impregnating materials in the bulk of the PEEK to cover 

the weakness of the PEEK property and also keep the excellent 

mechanical properties of the PEEK [51]. Regarding some studies, 

there are two categories of the composite based on the size of the 

impregnating bioactive materials: the conventional PEEK 
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composites and the nano-sized (<100 nm) composite method. The 

latter is a good one because it just changes some chemical surface 

property and keeps the other mechanical, electrical, and optical 

properties intact [52-55]. 

Plasma modification. 

 Plasma technology has long been used for polymeric 

biomaterials [56-58]. One of the most popular and easy handling 

methods for PEEK surface modification is a plasma spray method, 

which alters the surface chemistry and sometimes has an effect on 

the surface roughening. Typical gases, which are used for the 

treatment of polymers, are air, oxygen, nitrogen, helium, argon, 

and ammonia. In addition, it has been showed that gas pressure 

could affect too. Air is always accessible and available, but has 

little effect; one disadvantage of using a plasma technique could 

be the low-pressure condition, which requires a chamber for 

treatment [46]. Briem et al. [59] treated PEEK surface with the 

plasma process (a microwave plasma in NH4/Ar and a 

downstream microwave plasma in H2/Ar), another group treated 

PEEK with N2/O2 low-pressure plasma to improve the bioactivity 

of PEEK [17]. The other one treated PEEK with RF plasma with a 

mixture of CH4/O2 gases and also using a plasma immersion ion 

implantation and deposition (PIII&D) technique with a CH4/O2 

gas mixture to modify the surface of PEEK [15, 60]. Deposition of 

oxygen-rich nanofilms on PEEK with high surface energy, greatly 

improved cell adhesion [60]. Waser-Althaus [61] applied the 

O2/Ar or NH4 plasma to treat the PEEK surface. They 

demonstrated an increased adhesion, proliferation, and osteogenic 

differentiation of adipose tissue-derived mesenchymal stem cells 

(adMSC) on plasma-treated PEEK. There is another method, 

which called as corona treatment, which is a glow discharge very 

similar to plasma treatment. Except for laboratory conditions, it 

usually operates in the air at atmospheric pressure [16]. Another 

study focuses on PEEK tuned by argon plasma treatment to 

enhance its wettability and cytocompatibility. Changes in surface 

properties of the plasma-treated surface studied about the 

adhesion, proliferation, and metabolic activity of mouse fibroblasts 

(L929) and human osteoblast (U-2 OS) in vitro. The plasma 

treatment led to substantial changes in the surface chemistry, 

polarity (wettability) of PEEK samples. Furthermore, polymer 

surface morphology and roughness were significantly altered [42]. 

UV-light. 

 Another technique to increase oxygen content and decrease 

contact angle which means enhancing adhesive bonding of PEEK 

is a UV treatment, which accompanied by employing light bulbs 

emitting light at wavelengths between 172nm and 308nm [62].  

Accelerated Neutral Atom Beam (ANAB) Surface Treatment. 

 Accelerated Neutral Atom Beam (ANAB) technology is a 

low-energy. accelerated particle beam that useful as a method for 

nanoscale surface treatment. This technique is created by the 

acceleration of unbonded neutral argon (Ar) gas atoms with very 

low energies under vacuum, modifying the material surface to 

create a shallow depth of 2-3 nm [63]. This method is used for the 

modification of the surface and changes the surface topography, 

structure, and energy, especially in medical implants like PEEK. 

Several studies showed this technique enhanced the bioactivity of 

the PEEK, making some nanoscale texture on the PEEK surface, 

which causes better properties than untreated PEEK like increased 

wettability and improved human osteoblast cell adhesion and 

proliferation [64, 65].There is schematic image in Figure 1 which 

shows  different methods to enhance bioactivity of the PEEK.  

Laser technique and treatment. 

 Laser technology is popular in many areas like 

communication, military, industry, medical, and some other fields, 

which the most popular one presented in Table 1. The laser 

method is used a lot in medical fields like surgery, dermatology, 

and cancer therapy, dental and, biomaterial surface modification 

[32, 66]. Enhancement of PEEK surface bioactivity with the laser 

technique has been investigated in recent decades. This method 

has some advantages, like low cost, high resolution, high-

operating speed, and the fact that lasers do not change the bulk 

properties of implant and just treat a certain surface, which makes 

it an interesting method among other methods in polymer surface 

modification [30]. Considerable numbers of researches have been 

conducted regarding laser method for polymer modification and 

investigated the effect of the different laser device and laser 

parameters on the surface properties and cell adhesion, which is 

caused by the change of wettability and functional group of the 

surface [27, 67, 68]. 

 
Figure 1. Scheme of current methods to improve the bioactivity of PEEK  

 

Laser Process Fundamentals and its effect on surface 

properties.  

 Laser technique is one of the simplest techniques to modify 

both surface topography and chemistry. In this method, a laser 

beam is emitted directly on the surface of the material and optical 

energy provided by the laser is absorbed by a material surface, 

then three kinds of the process may take place, which is named 1. 

Thermal processes: In this case, increasing temperature of the 

material, by the emission of the laser beam on the surface, led to 

melting or vaporization. This induces the modification in the 

surface roughness. 2. Photochemical processes: in this process, the 

high-emitted energy from the laser is able to break the chemical 

bond molecules of the treated surface and cause chemical 

modification of surfaces. Because of the high photon energy, 

ultraviolet (UV) lasers are the most common ones in this case and 

3. Photophysical processes: here both thermal and photochemical 

processes take place and can influence the surface roughness and 

chemistry simultaneously [69]. Which all of these three processes 

presented in schematic image. below(Figure 2). 
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Figure 2. Scheme of laser technique and the way it works to improve the 

surface bioactivity of PEEK. 

 

 On the other hand, various studies have shown that surface 

properties like charge, chemistry, roughness, and wettability are 

determining factors on cell adhesion and cell behavior. Thus, 

surface properties can affect cell behavior and biomaterial success 

in the body. Therefore, a considerable amount of researches has 

done to control surface physiochemical properties. Among all of 

this research and modification, laser technology is so attractive 

due to the properties, mentioned before [67, 70-74]. 

Laser categories and basics. 

 There are variable operation parameters in laser such as 

pulse duration/length, wavelength, and power, which have a 

relationship with the surface modification that scientists are 

interested in them. A laser technique usually uses for surface 

topography modification and to create some micro and 

nanostructure but sometimes can be used to alter the chemistry of 

the surface. All of these can have an effect on the surface 

properties like roughness and wettability, which are critical factors 

for cell adhesion [67, 75]. 

 Typically, each laser system has three main components: 1. 

an active medium, 2. a pump source, and 3. a mirror system. 

Which active medium placed in the center of the laser cavity and 

determine the out beam and the wavelength of the laser, the pump 

is necessary to start the population inversion inside the active 

medium, and two mirrors are for producing several reflections in 

short distance to increase the number of the photons [69]. 

There are several categories for the laser device. The most popular 

one based on the active medium, divide into four main groups 1. 

Gas, 2. Solid, 3. Liquid, and 4. Semiconductor laser. The most 

popular one in each group is listed in Table 2.  The gas and solid-

state laser are popular ones for biomaterial surface modification, 

which are described here. In addition, there is another category 

based on one operation regime, which divided into two main 

groups 1. Continuous -wave (CW) laser and 2. Pulsed laser. There 

is some difference between these groups, but the fundamental 

difference is the length or duration of the laser emission. The pulse 

laser allows the user to have control over the beam duration and 

intensity, but the continuous laser is emitted one beam but pulse 

laser emitted in pulses and does not need to operate in the steady-

state regime. Continuous-wave (cw) operation continuously 

pumped and continuously emits light and operates in a steady state 

regime. A helium–neon laser with a wavelength of 1153 nm was 

the first continuous-wave laser.  

 In comparison, pulsed lasers can make much higher peak 

powerthan CW lasers [24, 76, 77]. There is a new range of gain 

media in pulsed lasers, which called excimer lasers. These are 

based on the unstable molecular species, called exciplexes and 

they can lase in the far UV. The popular excimer lasers are XeCl, 

and KrF, which are used in many surface modifications [26, 33, 

78]. 

 

Table 1. Some popular laser with different gain media [69]. 

Laser type Active medium Wavelength range(nm) 

Solid- state Nd:YAG 355- 532-1064 nm 

Solid- state Ti: Sapphire 700-1000 

Solid- state Ruby 628 

Solid -state Nd:YVO4 1064 nm, 532 nm, 355 nm, 

Solid- state Yb:YAG 1030 nm, 515 nm, 343 nm, 257 nm 

Gas HeNe 633 

Gas(Excimer) XeF 351 

Gas(Excimer) KrF 248 

Gas(Excimer) KrCl 222 

Gas(Excimer) ArF 193 

Gas-Ion Argon 488 

Gas-Ion Krypton 531 

Metal Vapor Cu 511-578 

Semi-conductor InGaAs 980 

Semi-conductor InGaAlP 635-660 

 

 

Solid-state laser. 

A solid-state laser is a kind of laser that uses solid as a 

laser medium or host medium. Glass or crystalline materials are 

used as the laser medium, and there are some materials, used as a 

doping substance inside the host medium. The first solid-state 

laser was a ruby laser. In this kind of laser, light sources such as 

flash tubes, flash lamps, arc lamps, or laser diodes are used as a 

pumping source. The popular host materials, used for laser 
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medium are, Ytterbium-doped glass, Neodymium-doped glass 

(Nd:glass), Neodymium-doped Yttrium Aluminum Garnet 

(Nd:YAG), sapphire (Al2O3) Neodymium-doped [79]. Nd:YAG is 

the most popular one, which already used in many studies, 

especially polymer surface modification. The result confirmed that 

Nd:YAG laser enhanced the wettability and surface bioactivity 

after treatment like polypropylene[34], poly ethylene [80] and  in 

some case, it showed that along with improving the wettability 

after treatment of polycarbonate the surface cell adhesion and 

proliferation improved, which were some promising result for the 

surface bioactivation [81]. All of these results and others have 

shown that Nd:YAG laser has potential as a precise, clean and 

simple surface modification technique for an extensive range of 

materials including polymers like PEEK [34]. In one study PEEK 

was exposed to a nanosecond pulsed Q-switched Nd:YAG laser 

radiation (λ = 1,064 nm) and the result showed after the laser 

treatment the surface energy was increased (from 44.9 to 78.5 

mJ/m2), and also enhanced the wettability. Also, chemical analysis 

showed an increase in hydroxyl and carboxylic groups, along with 

a decrease in the original carbonyl groups which formation of 

these functional polar groups enhanced the surface wettability 

[82]. Riveiro et al. investigated the role of pulsed Nd: YVO4 laser 

irradiation wavelength on the PEEK surface modification under 

three laser wavelengths (1064, 532, and 355 nm) to determine the 

most suitable process to increase the roughness and wettability of 

the surface. PEEK surface changes were very different as a 

function of the laser radiation. The PEEK surface burned at 1064 

nm, while the 532 nm laser radiation ablated the surface and 

created some grooves with a mean width of 100 μm. The 355 nm 

laser radiation just melted the surface slightly that was 

insignificant, but this laser radiation induced the formation of 

some polar groups like carboxyl and peroxide on the surface, 

which enhanced the surface wettability. The result showed that 

ultraviolet (355 nm) is the most suitable one to improve surface 

wettability of PEEK [32]. In another case, Ti: Saphire laser at 800 

nm has been used for PEEK treatment in vivo animal test and the 

influence of the roughness on the biological activity and 

osteogenic efficiency investigated. The treated PEEK implant 

inserted on rabbits and demonstrated a superior bonding strength 

of the bone/implant interface [83]. 

Gas laser. 

A gas laser is a laser that mixture of gases used as a laser 

medium which is packed up in a glass tube in which an electric 

current is discharged through gas inside the laser medium to 

produce laser light. Some commonly used gas laser is, Helium 

(He) – Neon (Ne) lasers, argon ion lasers, carbon dioxide lasers 

(CO2 lasers), carbon monoxide lasers (CO lasers), excimer lasers, 

nitrogen lasers, hydrogen lasers, etc. [84]. The type of gas used as 

a laser medium can determine the laser’s wavelength or efficiency. 

In one study, XeCl excimer laser (308nm) [33] were used for the 

treatment of the PEEK in lap-shear experiments. The energy 

density applied was above the ablation threshold, which led to 

chemical modification of the surface through surface roughening 

or ablation. The result showed lap shear strength increased from 

approximately 3MPa to 18MPa. In another case, CO2 laser has 

been used to modify the PEEK surface, and the result showed that 

the surface crystallinity was decreased with an increment of the 

laser intensity and also the surface roughness increased, but the 

surface chemistry stated intact [85]. 

Laurens et al. using ArF excimer lasers (λ = 193 nm with 

pulse duration = 20 ns) modified PEEK surfaces below the 

ablation threshold. The chemical modification was different and 

depended on the gas used in the process. Under neutral conditions, 

carbonyl groups of PEEK structure were broken, but in the air 

atmosphere and the presence of environmental oxygen, increased 

the carboxylic functions. Finally, the polar functional groups 

increased at PEEK surface, which led to adhesion, increased after 

laser treatment [33].  

Michaljaničová et al. also observed similar results. In this 

case, the PEEK surface was treated with KrF Excimer laser UV 

radiation (λ = 248 nm and the wettability was increased which was 

because of the increase in roughness, and formation of the oxygen 

polar groups formed on the PEEK treated surface [86]. Zheng et 

al. investigated the enhancement of biocompatibility of PEEK 

surface after CO2 laser (λ = 10,600 nm) and plasma treatments. 

Chemical analysis confirmed the formation of the polar groups 

like carboxylic groups on the surface and in vitro biocompatibility 

test showed that MC3T3-E1 pre-osteoblast cell adhesion and 

proliferation were increased after laser treatment [87]. Another 

group implanted the laser-treated PEEK cage for fusion in the 

sheep model, and they observed the good fusion and higher 

deposition of the mineralized matrix after six months of 

implantation [88]. Bremus-Koebberling et al. using a frequency-

tripled solid-state laser (JDSU, Milpitas, CA) of 355 nm 

wavelength and 38 ns pulse duration, produced nano-grooves by 

laser interference patterning (λ = 355 nm, pulse duration = 38 ns) 

and evaluated the effect of this pattern on the cell alignment. The 

result has demonstrated the width of the nano-grooves, and the 

groove depth influences the cell (B35 neuronal) alignment, which 

confirmed the cellular response is depend on surface nano-  

topography [89]. In this study, pulsed excimer laser (at 193 nm) 

was used to enhance the adhesive bonding properties of PEEK. 

Results showed that several types of treatment occurred. First, the 

surface treatment induces a cleaning of the initial surface, surface 

amorphization and modifies the chemical composition of the 

material and finally the enhancement obtained for laser fluency 

lower than the ablation threshold [90]. In another study, excimer 

laser was used at 193 and 248 nm. As mentioned before 

modification by an excimer laser at 193 nm make some polar 

groups on the surface which increases the adhesive properties of 

the PEEK, but another side the higher concentration of these 

functional groups may also have a negative effect on the 

mechanical properties of the modified surface of the PEEK. Also, 

here it was shown that laser treatment at 248 nm did not make 

significant improvement in adhesion properties of the PEEK 

surface and that may be the result of the thermal degradation of 

the surface at 248 nm wavelength. The result showed there is a 

relation between laser wavelength and surface modification at 

193nm dependent on the laser wavelength. At 193 nm, oxidation 

under photon irradiation made the formation of polar groups like 

carboxyls and hydroxyls thus increased the surface hydrophilicity 

but at 248 nm, surface decarbonylation led to limit the formation 

of polar groups, so no significant change was observed [33]. 
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Table 2. Laser application [18, 91-93]. 

Medicine Communications Science and 

technology 

Military Industries 

Bloodless surgery 

Remove kidney stones 

Treatment of liver and lung diseases  

Remove tumors  

Cancer diagnosis and therapy 

Eye lens curvature corrections 

Fiber-optic endoscope to detect ulcers in the 

intestines 

To study the internal structure of 

microorganisms and cells 

To create plasma 

Dentistry and implant 

Cosmetic treatments such as acne treatment, 

cellulite and hair removal 

Optical fiber 

communications 

Underwater 

communication networks 

Space communication, 

radars and satellite 

Study the Brownian 

motion of particles 

Count the number of 

atoms in a substance 

Retrieve stored 

information from a 

Compact Disc in 

computer  

Store large amount of 

information or data in 

CD-ROM 

Measure the pollutant 

gases and other 

contaminants of the 

atmosphere 

Produce three-

dimensional pictures in 

space without the use 

of lens 

Detect earthquakes and 

underwater nuclear 

blasts 

Determine the 

distance to an 

object by Laser 

range finders 

Measuring very 

small angle of 

rotation of the 

moving objects by 

ring laser 

gyroscope 

Secretive 

illuminators for 

reconnaissance 

during night with 

high precision 

To dispose the 

energy of a 

warhead by 

damaging the 

missile 

To cut glass and 

quartz 

In electronic 

industries  

For heat treatment 

in the automotive 

industry 

Collect 

information from 

bar code printed 

on the product  

In the 

semiconductor 

industries for 

photolithography 

Drill aerosol 

nozzles 

 

4. CONCLUSION 

 PEEK has promising advantages, because of the 

appropriate properties, in biomedical application like bone and 

dental implant but the weakness of this polymer is bio-inertness. 

Therefore, in recent decades, PEEK surface modification has been 

a very crucial issue for utilization of the PEEK polymer in medical 

applications and among several existing modification methods, 

laser technique is becoming promising methods because of its 

appropriate properties. There is a different laser system with 

different parameters, which can be controlled to create a variety of 

surface modifications. Laser device can change surface 

topography and (sometimes depend on laser wavelength) 

chemistry which led to alter surface wettability and surface 

adhesion. Different laser devices based on the gain medium, pulse 

duration, and wavelength are studied in many types of researches, 

and it has shown that laser parameters can affect surface properties 

in different ways. In all of these researches, it was not exactly 

shown which one is the best and has the most effect on cell 

adhesion. All studies show that laser treatment enhances the 

surface properties like roughness and wettability and all surface 

treatments improve adhesive bonding of PEEK and also it has 

proved that laser parameters have an important role in surface 

modification and changing these parameters can change the 

surface properties. Hence, recognizing the different laser system 

and their parameters and the ability to control these parameters is 

essential to achieve the most appropriate surface treatment of the 

PEEK to gain the most bioactive PEEK surface for biomedical 

application. 

5. REFERENCES 

1. Adell, R.; Lekholm, U.; Rockler, B.; Branemark, P.I. A 15-

year study of osseointegrated implants in the treatment of the 

edentulous jaw. International journal of oral surgery 1981, 10, 

387-416, https://doi.org/10.1016/s0300-9785(81)80077-4. 

2. Huiskes, R.; Weinans, H.; van Rietbergen, B. The 

relationship between stress shielding and bone resorption around 

total hip stems and the effects of flexible materials. Clinical 

orthopaedics and related research 1992, 124-134. 

3. Kitamura, E.; Stegaroiu, R.; Nomura, S.; Miyakawa, O. 

Biomechanical aspects of marginal bone resorption around 

osseointegrated implants: considerations based on a three-

dimensional finite element analysis. Clinical oral implants 

research 2004, 15, 401-412, https://doi.org/10.1111/j.1600-

0501.2004.01022.x. 

4. Maleki-Ghaleh, H.; Hajizadeh, K.; Hadjizadeh, A.; Shakeri, 

M.S.; Ghobadi Alamdari, S.; Masoudfar, S.; Aghaie, E.; Javidi, 

M.; Zdunek, J.; Kurzydlowski, K.J. Electrochemical and cellular 

behavior of ultrafine-grained titanium in vitro. Materials Science 

and Engineering: C 2014, 39, 299-304, 

https://doi.org/10.1016/j.msec.2014.03.001. 

5. Nemati, S.H.; Hadjizadeh, A. Gentamicin-Eluting Titanium 

Dioxide Nanotubes Grown on the Ultrafine-Grained Titanium. 

AAPS PharmSciTech 2017, 18, 2180-2187, 

https://doi.org/10.1208/s12249-016-0679-8. 

6. Goutam, M.; Giriyapura, C.; Mishra, S.K.; Gupta, S. 

Titanium allergy: a literature review. Indian journal of 

dermatology 2014, 59, 630, https://doi.org/10.4103/0019-

5154.143526. 

7. Pacheco, K.A. Allergy to Surgical Implants. The Journal of 

Allergy and Clinical Immunology: In Practice 2015, 3, 683-695, 

https://doi.org/10.1016/j.jaip.2015.07.011. 

8. Gallo, J.; Goodman, S.B.; Lostak, J.; Janout, M. Advantages 

and disadvantages of ceramic on ceramic total hip arthroplasty: a 

review. Biomedical papers of the Medical Faculty of the 

University Palacky, Olomouc, Czechoslovakia 2012, 156, 204-

212, https://doi.org/10.5507/bp.2012.063. 

9. Ramakrishna, S.; Mayer, J.; Wintermantel, E.; Leong, K.W. 

Biomedical applications of polymer-composite materials: a 

review. Composites Science and Technology 2001, 61, 1189-

1224, https://doi.org/10.1016/S0266-3538(00)00241-4. 

10. Boccaccini, A.R.; Blaker, J.J. Bioactive composite materials 

for tissue engineering scaffolds. Expert review of                        

medical devices 2005, 2, 303-317, 

https://doi.org/10.1586/17434440.2.3.303. 

https://doi.org/10.1016/s0300-9785(81)80077-4
https://doi.org/10.1111/j.1600-0501.2004.01022.x
https://doi.org/10.1111/j.1600-0501.2004.01022.x
https://doi.org/10.1016/j.msec.2014.03.001
https://doi.org/10.1208/s12249-016-0679-8
https://doi.org/10.4103/0019-5154.143526
https://doi.org/10.4103/0019-5154.143526
https://doi.org/10.1016/j.jaip.2015.07.011
https://doi.org/10.5507/bp.2012.063
https://doi.org/10.1016/S0266-3538(00)00241-4
https://doi.org/10.1586/17434440.2.3.303


Maryam Mehdizadeh Omrani, Abbas Milani, Afra Hadjizadeh, Keekyoung Kim 

Page | 5138  

11. Kurtz, S.M. PEEK biomaterials handbook. William Andrew 

2019. 

12. Mishra, S.; Chowdhary, R. PEEK materials as an alternative 

to titanium in dental implants: A systematic review. Clinical 

implant dentistry and related research 2019, 21, 208-222, 

https://doi.org/10.1111/cid.12706. 

13. Williams, D. Polyetheretherketone for long-term implantable 

devices. Medical device technology 2008, 19, 8, 10-11. 

14. Garcia-Gonzalez, D.; Jayamohan, J.; Sotiropoulos, S.N.; 

Yoon, S.H.; Cook, J.; Siviour, C.R.; Arias, A.; Jérusalem, A. On 

the mechanical behaviour of PEEK and HA cranial implants 

under impact loading. Journal of the Mechanical Behavior of 

Biomedical Materials 2017, 69, 342-354, 

https://doi.org/10.1016/j.jmbbm.2017.01.012. 

15. Awaja, F.; Zhang, S.; James, N.; McKenzie, D. Enhanced 

Autohesive Bonding of Polyetheretherketone (PEEK) for 

Biomedical Applications Using a Methane/Oxygen Plasma 

Treatment. Plasma Processes and Polymers 2010, 7, 

https://doi.org/10.1002/ppap.201000072. 

16. Comyn, J.; Mascia, L.; Xiao, G.; Parker, B.M. Corona-

discharge treatment of polyetheretherketone (PEEK) for 

adhesive bonding. International Journal of Adhesion and 

Adhesives 1996, 16, 301-304, https://doi.org/10.1016/S0143-

7496(96)00010-3. 

17. Ha, S.W.; Kirch, M.; Birchler, F.; Eckert, K.L.; Mayer, J.; 

Wintermantel, E.; Sittig, C.; Pfund-Klingenfuss, I.; Textor, M.; 

Spencer, N.D.; Gucheva, M.; Vonmont, H. Surface activation of 

polyetheretherketone (PEEK) and formation of calcium 

phosphate coatings by precipitation. Journal of materials 

science. Materials in medicine 1997, 8, 683-690, 

https://doi.org/10.1023/a:1018535923173. 

18. Lippert, T. Laser Application of Polymers. In: Polymers and 

Light. Lippert, T.K. (Ed.), Springer Berlin Heidelberg, Berlin, 

Heidelberg, 2004; pp. 51-246, https://doi.org/10.1007/b12682. 

19. Lorusso, A.; Nassisi, V.; Paladini, F.; Torrisi, L.; Visco, 

A.M.; Campo, N. Comparison of the laser effects induced on 

ultra-high-molecular-weight polyethylene. Radiation Effects and 

Defects in Solids 2008, 163, 435-440, 

https://doi.org/10.1080/10420150701778155. 

20. Fernández-Pradas, J.M.; Naranjo-León, S.; Morenza, J.L.; 

Serra, P. Surface modification of UHMWPE with infrared 

femtosecond laser. Applied Surface Science 2012, 258, 9256-

9259, https://doi.org/10.1016/j.apsusc.2011.09.106. 

21. Torrisi, L.; Gammino, S.; Mezzasalma, A.; Visco, A.; 

Badziak, J.; Parys, P.; Wołowski, J.; Woryna, E.; Krasa, J.; 

Laska, L., et al. Laser ablation of UHMWPE-polyethylene by 

438 nm high energy pulsed laser. Applied Surface Science - 

APPL SURF SCI 2004, 227, 164-174, 

https://doi.org/10.1016/j.apsusc.2003.11.078. 

22. Belaud, V.; Valette, S.; Stremsdoerfer, G.; Beaugiraud, B.; 

Audouard, E.; Benayoun, S. Femtosecond laser ablation of 

polypropylene: A statistical approach of morphological data. 

Scanning 2014, 36, 209-217, https://doi.org/10.1002/sca.21090. 

23. Riveiro, A.; Soto, R.; del Val, J.; Comesaña, R.; Boutinguiza, 

M.; Quintero, F.; Lusquiños, F.; Pou, J. Texturing of 

polypropylene (PP) with nanosecond lasers. Applied Surface 

Science 2016, 374, 379-386, 

https://doi.org/10.1016/j.apsusc.2016.01.206. 

24. Dadbin, S. Surface modification of LDPE film by CO2 

pulsed laser irradiation. European Polymer Journal 2002, 38, 

2489-2495, https://doi.org/10.1016/S0014-3057(02)00134-9. 

25. Okoshi, M.; Inoue, N. Microfabrication of Polyethylene 

Using Femtosecond Ti:sapphire Laser and Nanosecond ArF 

Laser. Japanese Journal of Applied Physics 2003, 42, 5642-

5647, https://doi.org/10.1143/JJAP.42.5642. 

26. Viville, P.; Beauvois, S.; Lambin, G.; Lazzaroni, R.; Bre´das, 

J.L.; Kolev, K.; Laude, L. Excimer laser-induced surface 

modifications of biocompatible polymer blends. Applied Surface 

Science 1996, 96-98, 558-562, https://doi.org/10.1016/0169-

4332(95)00530-7. 

27. Ahad, I.; Budner, B.; Korczyc, B.; Fiedorowicz, H.; Bartnik; 

Kostecki, J.; Burdynska, S.; Brabazon, D. Polycarbonate 

Polymer Surface Modification by Extreme Ultraviolet (EUV) 

Radiation. Acta Physica Polonica A 2014, 125, 924-928, 

https://doi.org/10.12693/APhysPolA.125.924. 

28. Ahad, I.; Fiedorowicz, H.; Budner, B.; Kaldonski, T.J.; 

Vazquez, M.; Bartnik, A.; Brabazon, D. Extreme Ultraviolet 

Surface Modification of Polyethylene Terephthalate (PET) for 

Surface Structuring and Wettability Control. Acta Physica 

Polonica A 2016, 129, 241-243, 

https://doi.org/10.12693/APhysPolA.129.241. 

29. Günther, D.; Scharnweber, D.; Hess, R.; Wolf-Brandstetter, 

C.; Grosse Holthaus, M.; Lasagni, A.F. 1 - High precision 

patterning of biomaterials using the direct laser interference 

patterning technology. In: Laser Surface Modification of 

Biomaterials. Vilar, R. (Ed.), Woodhead Publishing 2016; pp. 3-

33, https://doi.org/10.1016/B978-0-08-100883-6.00001-0. 

30. Omrani, M.; Hadjizadeh, A. Surface Modification of Poly 

(ether ether ketone) with a Medlite C6 (ND-YAG Q-Switched) 

Skin Treatment Laser. Journal of Macromolecular                          

Science, Part B 2019, 58, 1-11, 

https://doi.org/10.1080/00222348.2019.1639329. 

31. Wilson, A.; Jones, I.; Salamat-Zadeh, F.; Watts, J.F. Laser 

surface modification of poly(etheretherketone) to enhance 

surface free energy, wettability and adhesion. International 

Journal of Adhesion and Adhesives 2015, 62, 69-77, 

https://doi.org/10.1016/j.ijadhadh.2015.06.005. 

32. Riveiro, A.; Soto, R.; Comesaña, R.; Boutinguiza, M.; del 

Val, J.; Quintero, F.; Lusquiños, F.; Pou, J. Laser surface 

modification of PEEK. Applied Surface Science 2012, 258, 

9437-9442, https://doi.org/10.1016/j.apsusc.2012.01.154. 

33. Laurens, P.; Sadras, B.; Decobert, F.; Arefi-Khonsari, F.; 

Amouroux, J. Enhancement of the adhesive bonding properties 

of PEEK by excimer laser treatment. International Journal of 

Adhesion and Adhesives 1998, 18, 19-27, 

https://doi.org/10.1016/S0143-7496(97)00063-8. 

34. Buchman, A. Nd:YAG Laser Surface Treatment of Various 

Materials to Enhance Adhesion. 2015; pp. 3-54, 

https://doi.org/10.1002/9781118831670.ch1. 

35. Wise, D.L. Encyclopedic Handbook of Biomaterials and 

Bioengineering. Volume 1-2. Applications, CRC Press 1995. 

36. Kurtz, S.; Devine, J. PEEK Biomaterials in Trauma, 

Orthopedic, and Spinal Implants. Biomaterials 2007, 28, 4845-

4869, https://doi.org/10.1016/j.biomaterials.2007.07.013. 

37. Nieminen, T.; Kallela, I.; Wuolijoki, E.; Kainulainen, H.; 

Hiidenheimo, I.; Rantala, I. Amorphous and crystalline 

polyetheretherketone: Mechanical properties and tissue reactions 

during a 3-year follow-up. Journal of biomedical materials 

research. Part A 2008, 84, 377-383, 

https://doi.org/10.1002/jbm.a.31310. 

38. Sagomonyants, K.B.; Jarman-Smith, M.L.; Devine, J.N.; 

Aronow, M.S.; Gronowicz, G.A. The in vitro response of human 

osteoblasts to polyetheretherketone (PEEK) substrates compared 

to commercially pure titanium. Biomaterials 2008, 29, 1563-

1572, https://doi.org/10.1016/j.biomaterials.2007.12.001. 

39. Olivares-Navarrete, R.; Gittens, R.A.; Schneider, J.M.; Hyzy, 

S.L.; Haithcock, D.A.; Ullrich, P.F.; Schwartz, Z.; Boyan, B.D. 

Osteoblasts exhibit a more differentiated phenotype and 

increased bone morphogenetic protein production on titanium 

alloy substrates than on poly-ether-ether-ketone. The spine 

journal : official journal of the North American Spine Society 

2012, 12, 265-272, https://doi.org/10.1016/j.spinee.2012.02.002. 

40. Rabiei, A.; Sandukas, S. Processing and evaluation of 

bioactive coatings on polymeric implants. Journal of biomedical 

https://doi.org/10.1111/cid.12706
https://doi.org/10.1016/j.jmbbm.2017.01.012
https://doi.org/10.1002/ppap.201000072
https://doi.org/10.1016/S0143-7496(96)00010-3
https://doi.org/10.1016/S0143-7496(96)00010-3
https://doi.org/10.1023/a:1018535923173
https://doi.org/10.1007/b12682
https://doi.org/10.1080/10420150701778155
https://doi.org/10.1016/j.apsusc.2011.09.106
https://doi.org/10.1016/j.apsusc.2003.11.078
https://doi.org/10.1002/sca.21090
https://doi.org/10.1016/j.apsusc.2016.01.206
https://doi.org/10.1016/S0014-3057(02)00134-9
https://doi.org/10.1143/JJAP.42.5642
https://doi.org/10.1016/0169-4332(95)00530-7
https://doi.org/10.1016/0169-4332(95)00530-7
https://doi.org/10.12693/APhysPolA.125.924
https://doi.org/10.12693/APhysPolA.129.241
https://doi.org/10.1016/B978-0-08-100883-6.00001-0
https://doi.org/10.1080/00222348.2019.1639329
https://doi.org/10.1016/j.ijadhadh.2015.06.005
https://doi.org/10.1016/j.apsusc.2012.01.154
https://doi.org/10.1016/S0143-7496(97)00063-8
https://doi.org/10.1002/9781118831670.ch1
https://doi.org/10.1016/j.biomaterials.2007.07.013
https://doi.org/10.1002/jbm.a.31310
https://doi.org/10.1016/j.biomaterials.2007.12.001
https://doi.org/10.1016/j.spinee.2012.02.002


PEEK surface modification methods and effect of the Laser method on surface properties 

Page | 5139  

materials research. Part A 2013, 101A, 

https://doi.org/10.1002/jbm.a.34557. 

41. Noiset, O.; Schneider, Y.J.; Marchand-Brynaert, J. 

Fibronectin adsorption or/and covalent grafting on chemically 

modified PEEK film surfaces. Journal of Biomaterials Science, 

Polymer Edition 1999, 10, 657-677, 

https://doi.org/10.1163/156856299X00865. 

42. Novotna, Z.; Reznickova, A.; Rimpelova, S.; Vesely, M.; 

Kolska, Z.; Svorcik, V. Tailoring of PEEK bioactivity for 

improved cell interaction: plasma treatment in action.                      

RSC Advances 2015, 5, 41428-41436, 

https://doi.org/10.1039/C5RA03861H. 

43. Noiset, O.; Schneider, Y.J.; Marchand-Brynaert, J. 

Fibronectin adsorption or/and covalent grafting on chemically 

modified PEEK film surfaces, Journal of biomaterials science. 

Polymer edition 1999, 10, 657-77, 

https://doi.org/10.1163/156856299X00865 

44. Noiset, O.; Schneider, Y.J.; Marchand-Brynaert, J. Adhesion 

and growth of CaCo2 cells on surface-modified PEEK substrata. 

Journal of biomaterials science. Polymer edition 2000, 11, 767-

786, https://doi.org/10.1163/156856200744002. 

45. Guha, P.K.; Epel, J.N. Adhesives for the Bonding of 

Graphite/Glass Composites. SAE Transactions 1979, 88, 566-

572. 

46. Davies, P.; Courty, C.; Xanthopoulos, N.; Mathieu, H.J. 

Surface treatment for adhesive bonding of carbon fibre-

poly(etherether ketone) composites. Journal of Materials 

Science Letters 1991, 10, 335-338, 

https://doi.org/10.1007/BF00719701. 

47. Cook, S.D.; Rust-Dawicki, A.M. Preliminary evaluation of 

titanium-coated PEEK dental implants. The Journal of oral 

implantology 1995, 21, 176-181. 

48. Tsou, H.K.; Hsieh, P.Y.; Chung, C.J.; Tang, C.H.; Shyr, 

T.W.; He, J.L. Low-temperature deposition of anatase TiO2 on 

medical grade polyetheretherketone to assist osseous integration. 

Surface and Coatings Technology 2009, 204, 1121-1125, 

https://doi.org/10.1016/j.surfcoat.2009.06.018. 

49. Jarcho, M. Calcium Phosphate Ceramics as Hard Tissue 

Prosthetics. Clinical Orthopaedics and Related Research® 1981, 

157, 259-278. 

50. Ma, R.; Tang, T. Current strategies to improve the bioactivity 

of PEEK. International journal of molecular sciences 2014, 15, 

5426-5445, https://doi.org/10.3390/ijms15045426. 

51. Kokubo, T.; Kim, H.-M.; Kawashita, M. Novel bioactive 

materials with different mechanical properties. Biomaterials 

2003, 24, 2161-2175, https://doi.org/10.1016/S0142-

9612(03)00044-9. 

52. Tang, S.M.; Cheang, P.; AbuBakar, M.S.; Khor, K.A.; Liao, 

K. Tension–tension fatigue behavior of hydroxyapatite 

reinforced polyetheretherketone composites. International 

Journal of Fatigue 2004, 26, 49-57, 

https://doi.org/10.1016/S0142-1123(03)00080-X. 

53. Ma, R.; Weng, L.; Bao, X.; Ni, Z.; Song, S.; Cai, W. 

Characterization of in situ synthesized 

hydroxyapatite/polyetheretherketone composite materials. 

Materials Letters 2012, 71, 117–119, 

https://doi.org/10.1016/j.matlet.2011.12.007. 

54. Pohle, D.; Ponader, S.; Rechtenwald, T.; Schmidt, M.; 

Schlegel, K.A.; Münstedt, H.; Neukam, F.W.; Nkenke, E.; von 

Wilmowsky, C. Processing of Three-Dimensional Laser Sintered 

Polyetheretherketone Composites and Testing of Osteoblast 

Proliferation in vitro. Macromolecular Symposia 2007, 253, 65-

70, https://doi.org/10.1002/masy.200750708. 

55. Wang, L.; Weng, L.; Song, S.; Zhang, Z.; Tian, S.; Ma, R. 

Characterization of polyetheretherketone–hydroxyapatite 

nanocomposite materials. Materials Science and                     

Engineering: A 2011, 528, 3689-3696, 

https://doi.org/10.1016/j.msea.2011.01.064. 

56. Hadjizadeh, A. Endothelial Cell Responses Towards Surface-

modified Expanded Polytetrafluoroethylene Fibers. Journal of 

Bioactive and Compatible Polymers - J Bioact Compat Polym 

2010, 25, 260-273, https://doi.org/10.1177/0883911509359482. 

57. Hadjizadeh, A.; Mohebbi-Kalhori, D. Porous hollow 

membrane sheet for tissue engineering applications. Journal of 

Biomedical Materials Research Part A 2010, 93A, 1140-1150, 

https://doi.org/10.1002/jbm.a.32608. 

58. Hadjizadeh, A. Acetaldehyde plasma polymer-coated PET 

fibers for endothelial cell patterning: Chemical, topographical, 

and biological analysis. Journal of biomedical materials 

research. Part B, Applied biomaterials 2010, 94, 11-21, 

https://doi.org/10.1002/jbm.b.31616. 

59. Briem, D.; Strametz, S.; Schroder, K.; Meenen, N.M.; 

Lehmann, W.; Linhart, W.; Ohl, A.; Rueger, J.M. Response of 

primary fibroblasts and osteoblasts to plasma treated 

polyetheretherketone (PEEK) surfaces. Journal of materials 

science. Materials in medicine 2005, 16, 671-677, 

https://doi.org/10.1007/s10856-005-2539-z. 

60. Awaja, F.; Bax, D.V.; Zhang, S.; James, N.; McKenzie, D.R. 

Cell Adhesion to PEEK Treated by Plasma Immersion Ion 

Implantation and Deposition for Active Medical Implants. 

Plasma Processes and Polymers 2012, 9, 355-362, 

https://doi.org/10.1002/ppap.201100034. 

61. Waser-Althaus, J.; Salamon, A.; Waser, M.; Padeste, C.; 

Kreutzer, M.; Pieles, U.; Muller, B.; Peters, K. Differentiation of 

human mesenchymal stem cells on plasma-treated 

polyetheretherketone. Journal of materials science. Materials in 

medicine 2014, 25, 515-525, https://doi.org/10.1007/s10856-

013-5072-5. 

62. Mathieson, I.; Bradley, R.H. Improved adhesion to polymers 

by UV/ozone surface oxidation. International Journal of 

Adhesion and Adhesives 1996, 16, 29-31, 

https://doi.org/10.1016/0143-7496(96)88482-X. 

63. Kirkpatrick, A.; Kirkpatrick, S.; Walsh, M.; Chau, S.; Mack, 

M.; Harrison, S.; Svrluga, R.; Khoury, J. Investigation of 

accelerated neutral atom beams created from gas cluster ion 

beams. Nuclear Instruments and Methods in Physics Research 

Section B: Beam Interactions with Materials and Atoms 2013, 

307, 281-289, https://doi.org/10.1016/j.nimb.2012.11.084. 

64. Khoury, J.; Kirkpatrick, S.R.; Maxwell, M.; Cherian, R.E.; 

Kirkpatrick, A.; Svrluga, R.C. Neutral atom beam technique 

enhances bioactivity of PEEK. Nuclear Instruments and 

Methods in Physics Research Section B: Beam Interactions with 

Materials and Atoms 2013, 307, 630-634. 

65. Khoury, J.; Maxwell, M.; Cherian, R.E.; Bachand, J.; Kurz, 

A.C.; Walsh, M.; Assad, M.; Svrluga, R.C. Enhanced bioactivity 

and osseointegration of PEEK with accelerated neutral atom 

beam technology. Journal of Biomedical Materials Research 

Part B: Applied Biomaterials 2017, 105, 531-543, 

https://doi.org/10.1002/jbm.b.33570. 

66. Mester, E.; Mester, A.F.; Mester, A. The biomedical effects 

of laser application. Lasers in surgery and medicine 1985, 5, 31-

39, https://doi.org/10.1002/lsm.1900050105. 

67. Arima, Y.; Iwata, H. Effect of wettability and surface 

functional groups on protein adsorption and cell adhesion using 

well-defined mixed self-assembled monolayers.                        

Biomaterials 2007, 28, 3074-3082, 

https://doi.org/10.1016/j.biomaterials.2007.03.013. 

68. Tiaw, K.S.; Goh, S.W.; Hong, M.; Wang, Z.; Lan, B.; Teoh, 

S.H. Laser surface modification of poly(epsilon-caprolactone) 

(PCL) membrane for tissue engineering applications. 

Biomaterials 2005, 26, 763-769, 

https://doi.org/10.1016/j.biomaterials.2004.03.010. 

69. Bäuerle, D. Laser processing and chemistry. 2011. 

https://doi.org/10.1002/jbm.a.34557
https://doi.org/10.1163/156856299X00865
https://doi.org/10.1039/C5RA03861H
https://doi.org/10.1163/156856299X00865
https://doi.org/10.1163/156856200744002
https://doi.org/10.1007/BF00719701
https://doi.org/10.1016/j.surfcoat.2009.06.018
https://doi.org/10.3390/ijms15045426
https://doi.org/10.1016/S0142-9612(03)00044-9
https://doi.org/10.1016/S0142-9612(03)00044-9
https://doi.org/10.1016/S0142-1123(03)00080-X
https://doi.org/10.1016/j.matlet.2011.12.007
https://doi.org/10.1002/masy.200750708
https://doi.org/10.1016/j.msea.2011.01.064
https://doi.org/10.1177/0883911509359482
https://doi.org/10.1002/jbm.a.32608
https://doi.org/10.1002/jbm.b.31616
https://doi.org/10.1007/s10856-005-2539-z
https://doi.org/10.1002/ppap.201100034
https://doi.org/10.1007/s10856-013-5072-5
https://doi.org/10.1007/s10856-013-5072-5
https://doi.org/10.1016/0143-7496(96)88482-X
https://doi.org/10.1016/j.nimb.2012.11.084
https://doi.org/10.1002/jbm.b.33570
https://doi.org/10.1002/lsm.1900050105
https://doi.org/10.1016/j.biomaterials.2007.03.013
https://doi.org/10.1016/j.biomaterials.2004.03.010


Maryam Mehdizadeh Omrani, Abbas Milani, Afra Hadjizadeh, Keekyoung Kim 

Page | 5140  

70. Mirzadeh, H.; Bagheri, S. Comparison of the effect of 

excimer laser irradiation and RF plasma treatment on 

polystyrene surface. Radiation Physics and Chemistry 2007, 76, 

1435-1440, https://doi.org/10.1016/j.radphyschem.2007.02.079. 

71. Huang, H.H.; Ho, C.T.; Lee, T.H.; Lee, T.L.; Liao, K.K.; 

Chen, F.L. Effect of surface roughness of ground titanium on 

initial cell adhesion. Biomolecular engineering 2004, 21, 93-97, 

https://doi.org/10.1016/j.bioeng.2004.05.001. 

72. Rosales-Leal, J.I.; Rodríguez-Valverde, M.A.; Mazzaglia, 

G.; Ramón-Torregrosa, P.J.; Díaz-Rodríguez, L.; García-

Martínez, O.; Vallecillo-Capilla, M.; Ruiz, C.; Cabrerizo-

Vílchez, M.A. Effect of roughness, wettability and morphology 

of engineered titanium surfaces on osteoblast-like cell adhesion. 

Colloids and Surfaces A: Physicochemical and Engineering 

Aspects 2010, 365, 222-229, 

https://doi.org/10.1016/j.colsurfa.2009.12.017. 

73. van Wachem, P.B.; Beugeling, T.; Feijen, J.; Bantjes, A.; 

Detmers, J.P.; van Aken, W.G. Interaction of cultured human 

endothelial cells with polymeric surfaces of different 

wettabilities. Biomaterials 1985, 6, 403-408, 

https://doi.org/10.1016/0142-9612(85)90101-2. 

74. Lee, J.H.; Khang, G.; Lee, J.W.; Lee, H.B. Interaction of 

Different Types of Cells on Polymer Surfaces with Wettability 

Gradient. Journal of Colloid and Interface Science 1998, 205, 

323-330, https://doi.org/10.1006/jcis.1998.5688. 

75. Murray, D.W.; Rae, T.; Rushton, N. The influence of the 

surface energy and roughness of implants on bone resorption. 

The Journal of bone and joint surgery. British volume 1989, 71, 

632-637, https://doi.org/10.1302/0301-620X.71B4.2670951. 

76. Bornemann, R.; Lemmer, U.; Thiel, E. Continuous-wave 

solid-state dye laser. Opt. Lett. 2006, 31, 1669-1671, 

https://doi.org/10.1364/OL.31.001669. 

77.  Lu, Q.H.; Li, M.; Yin, J.; Zhu, Z.K.; Wang, Z.G. Polyimide 

surface modification by pulsed ultraviolet laser irradiation with 

low fluence. Journal of Applied Polymer Science 2001, 82, 

2739-2743, https://doi.org/10.1002/app.2126. 

78. Laurens, P.; Sadras, B.; Decobert, F.; Arefi-Khonsari, F.; 

Amouroux, J. Laser-induced surface modifications of poly(ether 

ether ketone): influence of the excimer laser wavelength. 

Journal of Adhesion Science and Technology 1999, 13, 983-997, 

https://doi.org/10.1163/156856199X00460. 

79. Powell, R.C. Physics of solid-state laser materials. Springer 

Science & Business Media 1998. 

80. Blanchemain, N.; Chai, F.; Bacquet, M.; Gengembre, L.; 

Traisnel, M.; Setti, Y.; Hildebrand, H.F. Improvement of 

biological response of YAG laser irradiated polyethylene. 

Journal of Materials Chemistry 2007, 17, 4041-4049, 

https://doi.org/10.1039/B708250A. 

81. Ramazani S.A, A.; Mousavi, S.; Seyedjafari, E.; Poursalehi, 

R.; Sareh, S.; Silakhori, K.; Poorfatollah, A.; Shamkhali, A.N. 

Polycarbonate surface cell's adhesion examination after 

Nd:YAG laser irradiation. Materials Science and Engineering: 

C 2009, 29, 1491–1497, 

https://doi.org/10.1016/j.msec.2008.11.019. 

82. Wilson, A.; Jones, I.; Salamat-Zadeh, F.; Watts, J.F. Laser 

surface modification of poly(etheretherketone) to enhance 

surface free energy, wettability and adhesion. International 

Journal of Adhesion and Adhesives 2015, 62, 69-77, 

https://doi.org/10.1016/j.ijadhadh.2015.06.005. 

83. Guo, J.; Liu, L.; Liu, H.; Gan, K.; Liu, X.; Song, X.; Niu, D.; 

Chen, T. Influence of femtosecond laser on the osteogenetic 

efficiency of polyetheretherketone and its composite. High 

Performance Polymers 2017, 29, 997-1005, 

https://doi.org/10.1177/0954008316667460 

84. Dyer, P.E.; Snelling, H.V. 6 - Gas lasers for medical 

applications. In: Lasers for Medical Applications. Jelínková, H. 

(Ed.), Woodhead Publishing 2013; pp. 177-202. 

85. Hartwig, A.; Hunnekuhl, J.; Vitr, G.; Dieckhoff, S.; 

Vohwinkel, F.; Hennemann, O.D. Influence of CO2 laser 

radiation on the surface properties of poly(ether ether ketone). 

Journal of Applied Polymer Science 1997, 64, 1091-1096, 

https://doi.org/10.1002/(SICI)1097-

4628(19970509)64:6<1091::AID-APP8>3.0.CO;2-G. 

86. Michaljaničová, I.; Slepička, P.; Rimpelová, S.; Slepičková 

Kasálková, N.; Švorčík, V. Regular pattern formation on surface 

of aromatic polymers and its cytocompatibility.                             

Applied Surface Science 2016, 370, 131-141, 

https://doi.org/10.1016/j.apsusc.2016.02.160. 

87. Zheng, Y.; Xiong, C.; Wang, Z.; Li, X.; Zhang, L. A 

combination of CO2 laser and plasma surface modification of 

poly(etheretherketone) to enhance osteoblast response.               

Applied Surface Science 2015, 344, 79-88, 

https://doi.org/10.1016/j.apsusc.2015.03.113. 

88. Briski, D.; Zavatsky, J.; Cook, B.; Ganey, T. Laser Modified 

PEEK Implants as an Adjunct to Interbody Fusion: A Sheep 

Model. Global Spine Journal 2015, 05, 

https://doi.org/10.1055/s-0035-1554347. 

89. Bremus-Koebberling, E.A.; Beckemper, S.; Koch, B.; 

Gillner, A. Nano structures via laser interference patterning for 

guided cell growth of neuronal cells. Journal of Laser 

Applications 2012, 24, 042013, 

https://doi.org/10.2351/1.4730804. 

90. Laurens, P.; Sadras, B.; Decobert, F.; Arefi-Khonsari, F.; 

Amouroux, J. Enhancement of the adhesive bonding properties 

of PEEK by excimer laser treatment. International Journal of 

Adhesion and Adhesives 1998, 18, 19-27, 

https://doi.org/10.1016/S0143-7496(97)00063-8. 

91. Catone, G.A.; Ailing III, C.C.; Smith, B.M. Laser 

applications in oral and maxillofacial surgery. Implant Dentistry 

1997, 6, 238. 

92. Wolbarsht, M.L. Laser applications in medicine and biology.  

1971, https://doi.org/10.1007/978-1-4613-0745-7. 

93. Malinauskas, M.; Zukauskas, A.; Hasegawa, S.; Hayasaki, 

Y.; Mizeikis, V.; Buividas, R.; Juodkazis, S. Ultrafast laser 

processing of materials: from science to industry.                          

Light, science & applications 2016, 5, e16133, 

https://doi.org/10.1038/lsa.2016.133. 

 

 

 

 

© 2020 by the authors. This article is an open access article distributed under the terms and conditions of the 

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

 

https://doi.org/10.1016/j.radphyschem.2007.02.079
https://doi.org/10.1016/j.bioeng.2004.05.001
https://doi.org/10.1016/j.colsurfa.2009.12.017
https://doi.org/10.1016/0142-9612(85)90101-2
https://doi.org/10.1006/jcis.1998.5688
https://doi.org/10.1302/0301-620X.71B4.2670951
https://doi.org/10.1364/OL.31.001669
https://doi.org/10.1002/app.2126
https://doi.org/10.1163/156856199X00460
https://doi.org/10.1039/B708250A
https://doi.org/10.1016/j.msec.2008.11.019
https://doi.org/10.1016/j.ijadhadh.2015.06.005
https://doi.org/10.1177%2F0954008316667460
https://doi.org/10.1002/(SICI)1097-4628(19970509)64:6%3c1091::AID-APP8%3e3.0.CO;2-G
https://doi.org/10.1002/(SICI)1097-4628(19970509)64:6%3c1091::AID-APP8%3e3.0.CO;2-G
https://doi.org/10.1016/j.apsusc.2016.02.160
https://doi.org/10.1016/j.apsusc.2015.03.113
https://doi.org/10.1055/s-0035-1554347
https://doi.org/10.2351/1.4730804
https://doi.org/10.1016/S0143-7496(97)00063-8
https://doi.org/10.1007/978-1-4613-0745-7
https://doi.org/10.1038/lsa.2016.133

