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a b s t r a c t 

Among the materials available for implant production, titanium is the most used while polyetherether- 

ketone (PEEK) is emerging thanks to its stability and to the mechanical properties similar to the ones

of the bone tissue. Material surface properties like roughness and wettability play a paramount role in

cell adhesion, cell proliferation, osteointegration and implant stability. Moreover, the bacterial adhesion

to the biomaterial and the biofilm formation depend on surface smoothness and hydrophobicity. In this

work, two different treatments, sandblasting and air plasma, were used to increase respectively roughness

and wettability of two materials: titanium and PEEK. Their effects were analyzed with profilometry and

contact angle measurements. The biological properties of the material surfaces were also investigated in

terms of cell adhesion and proliferation of NIH-3T3 cells, MG63 cells and human Dental Pulp Stem Cells.

Moreover, the ability of Staphylococcus aureus to adhere and form a viable biofilm on the samples was

evaluated. The biological properties of both treatments and both materials were compared with samples

of Synthegra® titanium, which underwent laser ablation to obtain a porous micropatterning, character- 

ized by a smooth surface to discourage bacterial adhesion. All cell types used were able to adhere and

proliferate on samples of the tested materials. Cell adhesion was higher on sandblasted PEEK samples

for both MG63 and NIH-3T3 cell lines, on the contrary, the highest proliferation rate was observed on

sandblasted titanium and was only slightly dependent on wettability; hDPSCs were able to proliferate

similarly on sandblasted samples of both tested materials. The highest osteoblast differentiation was ob- 

served on laser micropatterned titanium samples, but similar effects, even if limited, were also observed

on both sandblasted materials and air plasma treated titanium. The lowest bacterial adhesion and biofilm

formation was observed on micropatterned titanium samples whereas, the highest biofilm formation was

detected on sandblasted PEEK samples, and in particular on samples not treated with air-plasma, which

displayed the highest hydrophobicity. The results of this work showed that all the tested materials were

able to sustain osteoblast adhesion and promote cell proliferation; moreover, this work highlights the fea- 

sible PEEK treatments which allow to obtain surface properties similar to those of titanium. The results

here reported, clearly show that cell behavior depends on a complex combination of surface properties

like wettability and roughness and material nature, and while a rough surface is optimal for cell adhesion,

a smooth and less hydrophilic surface is the best choice to limit bacterial adhesion and biofilm formation.

Abbreviations: hDPSCs, human Dental Pulp Stem Cells; P_M, machined PEEK

samples; P_M 

∗ , machined and air-plasma treated PEEK samples; P_S, sandblasted 

PEEK samples; P_S ∗ , sandblasted and air-plasma treated PEEK samples; Ti_L, 

laser micropatterned titanium samples; Ti_L ∗ , laser micropatterned and air-plasma 

treated titanium samples; Ti_M 

∗ , machined and air-plasma treated titanium sam- 

ples; Ti_S, sandblasted titanium samples; Ti_S ∗ , sandblasted and air-plasma treated 

titanium samples.

1. Introduction

The osteointegration is a fundamental process for implants and 

prostheses success, it consists in the formation of a strong and sta- 

ble interface between the native tissue and the material, and it can 

be measured as the bone to implant contact. Material surface prop- 

erties, as roughness and wettability, play a paramount role in the 

osteointegration process, since cell adhesion is the first event oc- 
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ness is responsible for the mechanical retention of the implant 

within the bone defect [ 1 , 2 ]. 

Titanium and its alloys are the most used materials for the pro- 

duction of implant and prostheses; their chemical stability, me- 
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likewise to titanium, its surface has to be treated to improve its 

biological properties [39] . Surface modification of PEEK is achieved 

with additive and subtractive strategies, as for example, sand- 

blasting, hydroxyapatite implantation, plasma spray, acid etching 

a

b  

i

s

a

p  

m

d

n

g

p

w

m

b

S

t

a

l

t

t

u

c

c

[

[

i

c

m

t

h

i

2

2

m

a

b

R

f

p

t

t

[  

f

2

d

d

u

Y

b

p

E

B

D

d

(

p

2

hanical properties and biocompatibility, make these metals the 

est choice for bone restoration procedures [3] . Despite its bio- 

ompatibility, titanium surface needs to be modified in order to 

mprove cell adhesion, cell proliferation and osteointegration [3–

] . The most exploited strategy is the increase of surface rough- 

ess by means of additive (plasma spray, ion deposition, surface 

oating) or subtractive (sandblasting, chemical etching) techniques 

 7 , 8 ]. Roughness increase is related with an enhancement of sur- 

ace wettability, which improves cell adhesion [9] . Unfortunately, 

hese surface features promote also bacterial adhesion [ 10 , 11 ]. 

Implant and prostheses colonization by bacteria is a critical 

ssue in the clinical practice; this phenomenon can lead to im- 

lant failure and tissue damage, and can require additional surgery 

or the removal of the contaminated material [12] . Several strate- 

ies, as silver ion or silver nanoparticles implantation, antimicro- 

ial peptides coatings, polycations and antibacterial polysaccha- 

ides coatings to name some, have been investigated to provide 

ntibacterial properties to titanium surfaces [13–15] . A novel treat- 

ent of laser ablation (Synthegra®, Geass s.r.l., Italy) represents an 

nteresting strategy which can promote cell adhesion, and at the 

ame time limit bacterial adhesion to the material surface. This 

reatment is used to obtain micropatterned pores on a smooth tita- 

ium surface and demonstrated to improve on one side eukaryotic 

ell adhesion, and, on the other, inhibit bacterial adhesion [ 2 , 16 , 17 ].

Despite the excellent results achieved over the years with the 

se of titanium implant and prostheses, there is an effort for 

he research of novel materials for the replacement of titanium, 

hose use is limited by the manufacturing process, lack of bioac- 

ivity, delayed healing, stress shielding risk and high production 

osts [ 18 , 19 ]. Among the materials studied for titanium replace- 

ent, polyetheretherketone (PEEK) is emerging as a valid alterna- 

ive [ 19 , 20 ]. The chemical structure of this polymer is responsible

or its excellent thermal stability and resistance to chemical and 

adiation damages [21] . Therefore, after the sterilization processes 

btained by irradiation or chemical treatments, PEEK resulted to 

aintain its features and this represents an advantage if compared 

ith other polymeric materials [ 22 , 23 ]. 

PEEK mechanical properties ( i.e. mainly elastic modulus), are 

imilar to those of the native bone tissue, reducing therefore the 

isk of stress shielding and implant failure and making this mate- 

ial very promising in both dental and orthopedic fields [18] . With 

espect to titanium, the manufacturing process of PEEK is also ad- 

antageous; PEEK can be associated to CAD-CAM techniques and 

sed for 3D printing and rapid prototyping, exploiting fused depo- 

ition model techniques [24–26] . Moreover, PEEK can be enriched 

ith carbon or glass nanofibers, and used for the preparation of 

anocomposites with tailored mechanical properties [27–29] . The 

se of PEEK as a biomaterial for orthopedic prostheses and im- 

lants started at the end of the ‘80s [30] , and from the end of

he ‘90s has been proposed as a possible substitute to metallic im- 

lants [31] with the first commercialization of a PEEK based im- 

lants dated in 1998 [32] . Since then, PEEK has been extensively 

sed in orthopedic and spine surgery [30] . Only recently, PEEK has 

tarted to be considered for the preparation of dental implants 

nd abutments but further clinical trials are necessary to inves- 

igate PEEK use as a dental material [31] . Several in vitro studies 

roved PEEK biocompatibility and in vivo studies demonstrated the 

uccessful use of PEEK for production of fixation rods and plates, 

pinal fusion cages, implants, abutments and prostheses with per- 

ormances similar to titanium ones [ 18 , 33–37 ]. 

The main drawback of PEEK is its biological inertness, which 

ampers cell adhesion and implant osteointegration [38] ; thus, 
nd micropatterning, in order to tailor roughness, wettability and 

ioactivity [ 31 , 39 , 40 ]. Moreover, PEEK surface can be functionalized

n order to introduce antibiotics and antimicrobial compounds like 

ilver nanoparticle and polycations [41–44] . 

Among the techniques available to improve surface wettability, 

ir-plasma cleaning process is a cost-effective technique widely ap- 

lied in industrial processes [ 40 , 45 ], which can be used to modify

aterials based on PEEK, polytetrafluoroethylene (PTFE) and poly- 

imethylsiloxane (PDMS) [ 46 , 47 ] and can be also applied to tita- 

ium [48] . This process introduces polar groups, such as carboxylic 

roups, on the material surfaces and, consequently, increases the 

olar component of the surface energy therefore improving surface 

ettability [47–49] . 

In this work, the effects of sandblasting and air-plasma treat- 

ents on surface roughness and wettability were evaluated for 

oth titanium and PEEK samples. The surfaces were compared with 

ynthegra® titanium, which were also subjected to air-plasma 

reatment. The biological properties were assessed in terms of cell 

dhesion proliferation and osteoblast differentiation using fibrob- 

asts, osteoblasts and human Dental Pulp Stem Cells (hDPSCs) to 

ake account of the tissues involved in prostheses and implant os- 

eointegration and fibrointegration. hDPSCs are a pluripotent pop- 

lation of stem cells with genetic stability, able to generate cal- 

ified colonies and to differentiate into osteoblasts, chondrocytes, 

ardiomyocytes, neuron, liver cells and β cells of islet of pancreas 

50] . Their use was suggested for tissue engineering applications 

51] and as a cell model for the evaluation of biomaterials biolog- 

cal properties for dental materials [ 52 , 53 ]. Moreover, Staphylococ- 

us aureus was used to test the bacterial adhesion and biofilm for- 

ation on sample surfaces. This pathogen is frequently isolated in 

he oral cavity [54] , it efficiently adheres on titanium surfaces and 

as been associated with the early failure of titanium based dental 

mplants [ 55 , 56 ]. 

. Materials and methods

.1. Materials 

Disks with a diameter of 8 mm and a height of 4 mm of 

achined titanium, laser treated titanium (Synthegra treatment) 

nd machined PEEK were used. Titanium samples were provided 

y Geass S.r.l. (Udine, Italy), PEEK samples were purchased from 

obecchi S.r.l. (Bergamo, Italy). Sandblasting treatment was per- 

ormed using aluminum oxide powder (125 μm) at 3 atm of 

ressure. Several conditions were tested varying the distance and 

he exposure time, in order to achieve similar roughness between 

itanium and PEEK, with values comparable with the literature 

 1 , 25 , 57 ]. The optimal protocol involved the treatment of PEEK

or 10 s at 5 cm of distance, and the treatment of titanium for 

0 s at 2 cm of distance. Sandblasted samples were washed in 

eionized water for 30 s and with an aqueous vapor jet, then 

ried with compressed air. Air plasma treatment was performed 

sing a PDC-32G Plasma Cleaner (Harrick Plasma, Ithaca, New 

ork, USA) at 6.8 W (8–12 MHz of frequency) for 5 min. Dul- 

ecco’s Modified Eagle Medium (DMEM), Fetal Bovine Serum (FBS), 

enicillin/streptomycin, L-glutamine, trypsin, were purchased from 

uroclone (Italy). Collagenase I, dispase, ascorbic acid, Phosphate 

uffered Saline (PBS), Luria Bertani’s culture medium (LB), Sodium 

odecyl Sulfate (SDS), MTT (3- [4,5- dimethylthiazol-2-yl]-2,5- 

iphenyl tetrazolium bromide) were purchased from Sigma Aldrich 

USA). All the other chemicals were of analytical grade and were 

urchased from Sigma Aldrich (USA). Complete DMEM was pre- 
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pared adding heat inactivated FBS 10%, penicillin 100 U/mL, strep- 

tomycin 0.1 mg/mL, L-glutamine 2 mM. 

2.2. Surface roughness 
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collagenase I and 3.2 mg/mL dispase. Protein digestion was then 

stopped with 3 mL of complete DMEM and the digested dental 

pulp was centrifuged at 800 rpm for 5 min. The resulting pel- 
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Surface roughness analysis was performed using a profilome- 

er Talysurf CLI 10 0 0 (Taylor Hobson, Berwyn, Pennsylvania, USA), 

cquiring for each sample, 5 linear profiles with 4 mm length. 7 

amples were analyzed for each material and each treatment. 

.3. Surface wettability 

Surface wettability was analyzed measuring the contact angle, 

sing the “sessile drop technique ”, measuring the angle formed by 

 drop of deionized water with the material surface. For each ma- 

erial 7 samples were analyzed, measuring the contact angle of 2 

rops of 4 μL of deionized water. Images were acquired with a Le- 

ca MZ16 stereo microscope, equipped with a Leica DFC 320 digi- 

al camera (Leica Biosystems Nussloch, Germany). Images were ac- 

uired 30 s after drop deposition in order to have a stable drop, 

nd were analyzed with Image ProPlus software (MedyaCibernet- 

cs, USA). 

.3. Microhardness evaluation 

Microhardness of samples before and after sandblasting and air- 

lasma treatments was measured using a Leica VMHT MOT (Walter 

hl, Asslar, Germany) hardness tester equipped with a Vickers in- 

enter applying a load of 100 g for 10 s. Five measurements were 

aken and averaged for each sample. 

.5. Morphological analyses and microanalyses 

Morphological analyses and microanalyses were performed 

ith a Scanning Electron Microscope Quanta250 (FEI, Oregon, 

SA.), in high vacuum, in secondary electron mode, with 30 kV of 

ension and 10 mm of working distance. Samples were mounted 

n aluminum stubs with a carbon double-sided tape. For the mor- 

hological analyses PEEK samples were gold sputtered with a Sput- 

er Coater K550X (Emitech, Quorum Technologies Ltd, UK); for the 

icroanalysis, PEEK samples were coated with a carbon layer us- 

ng the Sputter Coater K550X coupled with the CA7625 Carbon 

ccessory (Emitech, Quorum Technologies Ltd, UK). Microanalysis 

as performed by Energy Dispersive Spectroscopy using an Apollo 

 EDAX probe (EDAX, Mawah, New Jersey, USA) coupled with the 

EM; X-ray spectra were collected for 120 s. 

.6. Cell cultures 

Osteosarcoma derived human osteoblasts MG63 (ATCC® CRL- 

427 TM ) and murine fibroblast (ATCC® CRL-1658 TM ) were cultured 

n complete DMEM in humid atmosphere at 37 °C with 5% pCO 2 . 

ell were passed using trypsin twice a week when confluency 

eached 80–90%. Human Dental Pulp Stem Cells (hDPSCs) where 

xtracted from third molars removed for surgical reasons, with 

he informed consent from the patient (Authorization by Regional 

ealth Service- Azienda Sanitaria Universitaria Integrata di Trieste 

nd by the Comitato Etico Unico Regionale - CEUR FVG, ID stu- 

io 2433: TERM – “Collection of biological samples for the study 

f biocompatibility and bioactivity on dental pulp cells of materi- 

ls for restorative and regenerative dentistry”). The extracted teeth 

ere immediately soaked in sterile PBS with antibiotics (penicillin 

00 U/mL and streptomycin 500 mg/mL). A microtome (IsoMet TM 

ow Speed Saw, BUEHLER, China) was used to expose the pulp 

hamber, which was finely cut and incubated for 45 min, in humid 

tmosphere at 37 °C with 5% pCO 2 , in a 5 mL of a mix composed
et was suspended with complete DMEM added with ascorbic acid 

00 μM. Cells were cultured in complete DMEM in humid atmo- 

phere at 37 °C with 5% pCO 2 . Cell were passed using trypsin twice 

 week when confluency reached 70%-80%. 

.7. Analysis of cell adhesion and proliferation 

For each material and treatment, 6 samples were used for 

ell adhesion and proliferation, and 2 as blanks. Samples were 

V sterilized and placed in a 48 multi-well plate not treated for 

ell adhesion (Sarstedt, Numbrecht, Germany). MG63 and NIH-3T3 

ere cultured in complete DMEM, hDPSCs were cultured in com- 

lete DMEM added with ascorbic acid 100 μM. On each sample, 

0 0 0 cells suspended in 50 μL of culture medium were seeded; 

fter 4 h of incubation in humid atmosphere at 37 °C with 5% 

CO 2 , 200 μL of culture medium were added. Cell adhesion and 

roliferation were evaluated thanks to Resazurin Cell Viability As- 

ay Kit (Biotium, Fremont, CA, USA), tests were performed at 1, 3, 6 

nd 9 days. For each experimental time point, culture medium was 

emoved and for each sample, 200 μL of DMEM with 10% of re- 

azurin solution were added. After 4 h of incubation, 150 μL were 

ithdrawn for fluorescence measurement; each well was washed 

ith PBS and 200 μL of culture medium were added. Fluores- 

ence measurements were performed with a GloMax Multi + De- 

ection System spectrofluorometer (Promega, USA) with an excita- 

ion wavelength of 525 nm and collecting the emitted fluorescence 

n the range 580–640 nm. For each condition, at day 1 and day 9, 

wo additional samples were prepared as described above, for the 

valuation of adhesion and proliferation with SEM imaging. 

.8. Alkaline phosphatase activity 

For each condition and time point, 5 samples were used for cell 

dhesion, and 2 as blanks. Samples were UV sterilized and placed 

n a 48 multi-well plate not treated for cell adhesion (Sarstedt, 

umbrecht, Germany). hDPSCs were cultured in complete DMEM 

dded with ascorbic acid 100 μM. On each sample, 10 0 0 0 cells 

uspended in 40 μL of culture medium were seeded; after 4 h of 

ncubation in humid atmosphere at 37 °C with 5% pCO 2 , 200 μL 

f culture medium were added. Alkaline phosphatase activity was 

valuated at day 4, day 7 and day 14. For each experimental time 

oint, culture medium was removed and samples were washed 

ith PBS. After PBS removal, cells were lysed in 400 μL of lysis 

uffer (Tris-HCl 100 mM; Triton X100 2% v/v) at -20 °C for 30 min. 

amples were collected in micro tubes and centrifuged at 130 0 0 

ound per minute (rpm) for 10 min. ALP enzymatic activity was 

easured in a solution of 6 mM para-nitro-phenyl-phosphate and 

 mM MgCl 2 in Tris-HCl, 100 mM, pH 9.8, after 60 min of incuba-

ion at 37 °C. Absorbance was measured at 420 nm with the FLU- 

star® Omega plate reader (BMG Labtech, Ortenberg, Germany). 

he results were normalized to the amount of protein content in 

he cellular extract calculated by means of the Pierce Micro BCA 

rotein Assay Kit (Thermofisher, Waltham, MA, USA) according to 

anufacturer’s protocol. For each condition and time point, two 

dditional samples were prepared as described above, for the eval- 

ation of adhesion and proliferation with SEM imaging. 

.9. Biofilm formation 

Biofilm formation on material surfaces was tested on Staphylo- 

occus aureus ATCC 25923 using the MTT test to assess biofilm vi- 

bility. For each material and each treatment, 14 samples were an- 
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alyzed (two of which used as blanks); samples were UV-sterilized 

and placed in sterile 6-well plates. Bacteria were grown on an LB 

agar plate at 37 °C and subsequently few colonies were inoculated 

overnight in 4 mL of LB liquid medium at 37 °C under agitation 

(

i  

T  

(

t

i

s

b

d

5

s

o

w

a

h

w

p  

b

4

s

m

t

d

w

t

a

a

u

2

(

w

w

a

9

a

t

2

(

v

d

m

t

i

s

a

S

3

T

t

S

a

3.1. Surface roughness analysis 

Profilometry was used to investigate the effects of the sand- 

blasting and the air-plasma treatments. The investigation was per- 
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140 rpm). The following day a re-inoculum was performed dilut- 

ng 200 μL of the overnight culture in 10 mL of new LB medium.

he new culture was grown for about 1 h and 30 min, in agitation

120 rpm), at 37 °C until reaching an optical density (OD) equal 

o about 0.3 measured at 600 nm. The concentration of bacteria 

n re-inoculate was then calculated considering the empirical ob- 

ervation that OD600 = 0.1 for this strain corresponds to 5 × 10 7 

acteria/ml and making a simple proportion. Bacteria were then 

iluted to a final concentration of 10 6 CFU/ml in new LB medium. 

0 μL of bacterial suspension were placed on the surface of each 

ample; sterile deionized water was added between the wells in 

rder to prevent medium evaporation, and the multiwell plates 

ere incubated overnight at 37 °C in a humid atmosphere. The day 

fter, samples were washed with PBS in order to remove not ad- 

ered bacteria, and each sample was transferred in a 48 well plate 

ith 300 μL of MTT 1 mM diluted in LB medium. The multiwell 

late was incubated in the dark, at 37 °C for 4 h. After the incu-

ation, the medium was removed and samples were washed with 

00 μL of PBS. MTT crystals were solubilized with 300 μL of lysis 

olution (20% SDS in deionized water/dimethylformamide 1:1). The 

ultiwell plate was incubated overnight at 37 °C in dark condi- 

ions. After the incubation, 100 μL were taken from each well and 

eposited in a 96-well microtiter plate; the absorbance at 570 nm 

as read using a Nanoquanta infinite M200pro spectrophotome- 

er (Tecan, Switzerland) and the biofilm viability was calculated as 

 function of the OD570. For each condition and time point, two 

dditional samples were prepared as described above, for the eval- 

ation of adhesion and proliferation with SEM imaging. 

.10. SEM observation of cells and bacteria 

Samples were washed with PBS and fixed with formaldehyde 

4% in PBS) for 45 min at each experimental time point. Samples 

ere then washed with deionized water and dehydrated by step- 

ise treatment with ethanol in water (30%, 50%, 70%, 90%, 100%), 

nd then with hexamethyldisilazane in ethanol (30%, 50%, 70%, 

0%, 100%). After 1 h in hexamethyldisilazane 100% samples were 

ir-dried, sputter-coated with gold and visualized by scanning elec- 

ron microscopy as previously described. 

.11. Statistical analysis 

Statistical analysis was performed with OriginPro software 

OriginLab Corporation, Northampton, Massachusetts, USA). Biofilm 

iability, roughness, wettability, microhardness and EDS data 

id not satisfied normality (Kolmogorov-Smirnov’s test) and ho- 

oscedasticity (Levene’s test) and were analyzed by Kruskal-Wallis 

est and a Mann-Whitney U test for pairwise comparisons, apply- 

ng a Bonferroni correction. Cell adhesion and proliferation data 

atisfied normality and homoscedasticity conditions and were an- 

lyzed with an ANOVA test applying Tukey’s post-hoc correction. 

tatistical significance was pre-set at α = 0.05. 

. Results

In all the analyses reported, samples are indicated as follow: 

i_M, machined titanium; Ti_S, sandblasted titanium; Ti_L, laser 

reated titanium; P_M, machined PEEK; P_S, sandblasted PEEK. 

amples subjected to air-plasma treatment are indicated with an 

sterisk ( ∗). 
ormed preliminarily to set the optimal parameters of sandblast- 

ng process, to obtain similar roughness between Ti_S e and P_S 

amples (data not showed). The native roughness of samples and 

he effects of the treatments applied are reported in Fig. 1 . From 

he results, the difference between the native samples of P_M and 

i_M can be noticed; moreover, after sandblasting the roughness of 

i_S and P_S was higher with respect to the native samples. Ti_S 

nd P_S after the treatment reached comparable roughness, even if 

 statistically significant difference was still verified ( p < 0.05). 

Then the impact of the air-plasma treatment on the sample 

orphology was evaluated. The procedure did not have an effect 

n the roughness with the exception of Ti_L samples, which dis- 

layed a slight, even significant, decrease of roughness in Ti_L ∗

amples. SEM micrographs, reported in Fig. SI-1 allow to appreciate 

he differences in the surface morphology between Ti_L (Fig. SI-1A) 

nd Ti_L ∗ (Fig. SI-1B) samples, the latter appearing smoother than 

he former, probably because of a cleaning effect of the air-plasma 

reatment. 

Profilometry was also used for the analysis of surface morphol- 

gy in terms of skewness (reported in Fig. SI-2A) and kurtosis (re- 

orted in Fig. SI-2B). Data show the differences of the untreated 

amples of Ti_M, P_M and Ti_L and in particular, the negative 

alue of skewness for Ti_L samples, which indicates the presence 

f pores. Moreover, in all cases, the air-plasma treatment did not 

ave an effect on these values ( p > 0.05). The sandblasting pro- 

ess, both for titanium and PEEK, led to a relevant and statisti- 

ally significant ( p < 0.05) variation of skewness and kurtosis, in- 

eed after sandblasting the surfaces displayed a more symmetric 

skewness closer to 0) and a more Gaussian-like (kurtosis closer to 

) roughness profile. Skewness and kurtosis were similar between

andblasted titanium and PEEK samples ( p > 0.05). 

.2. Surface wettability analysis 

Surface hydrophilicity was evaluated measuring the wettability 

f the sample with the contact angle technique, using the ses- 

ile drop approach. Contact angle values are reported in Fig. 2 . 

he lowest wettability among samples not subjected to air-plasma 

reatment, was observed for P_S and Ti_L samples. After the air- 

lasma treatment, a statistically significant increase of wettability 

as observed for all samples with the exception of machined PEEK 

amples. 

.3. Microhardness evaluation 

In order to furhter investigate the effects of the sandblasting 

nd air-plasma treatments on samples, microhardness was mea- 

ured before and after both treatments. Representative images of 

ndentation on samples surfaces are reported in Fig. SI-3A-J and 

he quantitative results are reported in Fig. SI-4. The analysis of 

he results demonstrated that both sandblasting process and air- 

lasma cleaning process did not significantly ( p > 0.05) alter the 

icrohardness of samples. 

.4. Morphological investigation and microanalysis 

The qualitative analysis of sample morphology after sandblast- 

ng and air-plasma treatment was performed with SEM. The im- 

ges reported in Fig. 3 clearly show the differences between the 

mooth surfaces of machined samples, the rough surface of sand- 

lasted samples and the micro-patterned surface of laser treated 

nes. At a macroscopic level, there were no differences between 
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Fig. 1. Effects of treatments on surface roughness. Roughness values of titanium and PEEK samples before (grey) and after (light grey) air-plasma treatment. Relevant

comparisons are indicated with an asterisk ( p < 0.05) or with NS (not significant).

Fig. 2. Effects of treatments on wettability. Wettability, expressed with the contact

angle, of sample surfaces before (dark grey) and after (light grey) air-plasma treat- 

ment. Relevant comparisons are indicated with an asterisk ( p < 0.05) or with NS

(not significant).

native and air-plasma treated samples, with the exception of laser 

treated titanium ones, as observed in Fig. 2 . 

In Fig. 4 , the morphology of PEEK samples is reported. As ob- 

served for the ones belonging to the titanium group, the differ- 
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icant decrease of aluminum content was observed for sandblasted 

PEEK samples after air-plasma treatment. 

3.5. Cell adhesion 
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nces between the smooth surfaces of machined samples and the 

ough surface of sandblasted ones can be appreciated. 

Energy Dispersive Spectroscopy was performed in order to in- 

estigate the presence of contaminants on sample surface and to 

uantify the presence of alumina residues after the sandblasting 

rocess. The energy spectra are reported in Fig. SI-5A-F and the 

uantification of aluminum in reported in Fig. SI-6. The quantifica- 

ion of aluminum revealed differences in the effects of sandblast- 

ng process between PEEK and titanium, as on PEEK surfaces the 

mount of aluminum was one order of magnitude lower with re- 

pect to titanium surface. Moreover, a slight and statistically signif- 
The ability of cells to adhere on titanium and PEEK sub- 

trates was correlated to surface morphology and wettability, using 

hree different cell types: murine fibroblasts (NIH-3T3), human os- 

eoblasts (MG63) and human Dental Pulp Stem Cells (hDPSCs). Cell 

dhesion was measured as the intensity of the Alamar Blue fluo- 

escence signal after 1 day of cell culture. The highest NIH-3T3 cell 

dhesion ( Fig. 5 (A)) was detected on P_S and P_S ∗ samples with 

o statistically significant difference between the values for these 

wo groups. MG63 cell adhesion ( Fig. 5 (B)) is similar among sam- 

les with the exception of P_S ∗, for which a higher cell adhesion 

as observed. Regarding hDPSCs adhesion ( Fig. 5 (C)) no statisti- 

ally significant differences were detected among materials tested. 

SEM micrographs, reported in Fig. SI-7, collected after 1 day of 

ell culture allowed the qualitative evaluation of cell morphology. 

n all cases, cells showed healthy morphology and spread on the 

hole sample surfaces, with the cellular adhesion processes cor- 

ectly in contact with the surface. 

.6. Cell proliferation 

Cell proliferation on the different samples was evaluated over 

ime, up to 9 days of cell culture, normalizing the values of Ala- 

ar Blue fluorescence intensity at 3, 6 and 9 days with the values 

f day 1 for NIH-3T3 cells ( Fig. 6 (A)), for MG63 cells ( Fig. 6 (B))

nd for hDPSCs ( Fig. 6 (C)). Both for MG63 cells and for hDPSCs, 

he increase of proliferation rate over time was statistically signif- 

cant ( p < 0.05). For NIH-3T3 cells, in all cases, the proliferation 

ate at day 9 was similar to day 6 ( p > 0.05), indicating that cell

onfluence might be reached. 

Regarding NIH-3T3 cells, sandblasted titanium was the best per- 

orming material, with respect to sandblasted PEEK or laser-treated 

itanium. Air-plasma treatment did not affect the proliferation abil- 

ty of cells with the exception of laser-treated titanium (Ti_L ∗), 

hich showed the worst performances. 

The MG63 cells showed the best proliferation rate when cul- 

ured on sandblasted titanium samples in particular on TI_S ∗; 

hereas, Ti_L ∗ was the material with the lowest proliferation rate. 
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Fig. 3. Titanium surface morphology. SEM micrographs of titanium samples surfaces: Ti_M (A), Ti_M 

∗ (D), Ti_S (B), Ti_S ∗ (E), Ti_L (C), Ti_L ∗ (F). Scale bar is 100 μm. 

PEEK samples showed an intermediate behavior without any statis- 

tically significant difference when treated with air-plasma process. 

The hDPSCs showed a similar behavior on sandblasted titanium 

and sandblasted PEEK samples, without differences between not 
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reported in Fig. SI-9, SI-10 and SI-11 at different magnifications. In 

all cases, it is possible to appreciate the wide spread adhesion of 

hDPSCs on all the materials, and the colonization of the surface 

over time. The images collected after 14 days of cell culture con- 
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reated or air-plasma treated samples. From 6 to 9 days of prolif- 

ration, cells displayed a slowdown of metabolic activity on laser- 

reated titanium samples. 

SEM micrographs collected after 9 days of cell culture are re- 

orted in Fig. SI-8. In all cases, it is possible to appreciate the 

lmost complete coverage of sample surfaces with a uniform cell 

ayer, in which cells were not distinguishable. On all the materials 

ested, cells were able to adhere and proliferate, to spread on the 

urface and to deposit extracellular matrix. 

.7. Alkaline phosphatase activity 

In order to better understand the behavior of hDPSCs when 

ultured on the tested substrates, the differentiation towards an 

steoblast phenotype was assessed measuring the alkaline phos- 

hatase (ALP) activity. The results reported in Fig. 7 show that, 

ver time, hDPSCs start to express ALP and to differentiate on 

ll the substrates tested, with differences related to the material 

ature and the surface modification. A statistically significant in- 

rease of ALP activity over time can be appreciated for cells cul- 

ured on P_S, Ti_S ∗, Ti_L and Ti_L ∗ samples. An increase of ALP 

ctivity can be appreciated also for hDPSCs seeded on P_S ∗ and 

i_S samples, although the ALP activity at day 7 and day 14 is not 

ignificantly higher than the ALP activity at day 4. Regarding the 

ifferences among materials, noteworthy, the ALP activity of hDP- 

Cs cultured on Ti_L and Ti_L ∗ samples, is significantly higher than 

he ALP activity of cells cultured on Ti_S, Ti_S ∗ and P_S ∗ samples. It 

s also interesting to point out the statistically significant positive 

ffect of the air-plasma treatment on ALP activity only for Ti_S ∗

amples (if compared with Ti_S samples). 

SEM micrographs of hDPSCs cultured on the tested materials 

or the ALP activity assay, collected at the tested time points, are 
rm that there are not differences, among the materials and the 

urface treatments, in terms of hDPSCs proliferation and materi- 

ls surface colonization. These data, together with the ALP activity, 

emonstrate that the slowdown of metabolic activity reported in 

ig. 6 (C) may be due to the changes in the cell phenotype and is

ot a slowdown of cell proliferation. 

.8. Biofilm formation and growth 

The ability of Staphylococcus aureus to adhere and grow on the 

aterials tested, and to form a viable biofilm, was tested with a 

TT assay ( Fig. 8 ). The highest formation of biofilm was observed 

n P_S samples, followed by P_S ∗ samples. Titanium surfaces are 

ess prone to the biofilm formation and behave in a similar way, 

ith the exception of Ti_L samples, which show the lowest pres- 

nce of biofilm. 

A qualitative evaluation of the bacterial adhesion can be pro- 

ided by SEM analysis reported in Fig. 9 . From the images it can 

e appreciated the lowest bacterial adhesion and growth on Ti_L 

amples ( Fig. 9 (C)) and the highest bacterial adhesion and growth 

n PEEK samples, in particular on hydrophobic ones ( Fig. 9 (A)) not 

ctivated with air-plasma treatment. 

. Discussion

Surface modification approaches are fundamental strategies for 

he implementation of osteointegration and other biological prop- 

rties of implants and prostheses [ 4 , 31 , 38 , 39 ]. This study compared

he effects of roughness and wettability modifications on the in- 

eractions with bacteria and eukaryotic cells of two biomaterials: 

EEK and titanium. A micro-patterned titanium surface developed 

y Geass S.r.l. [ 16 , 17 ], which possesses low hydrophilicity [57] , was
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Fig. 4. PEEK surface morphology. SEM micrographs of PEEK samples surfaces: P_M (A), P_M 

∗ (C), P_S (B), P_S ∗ (D). Scale bar is 100 μm. 

used for comparisons, and was also subjected to the same treat- 

ment ( i.e. air-plasma) of the tested groups for improve wettabil- 

ity. On the tested samples, sandblasting with alumina powder and 

air-plasma treatment, were used to improve respectively rough- 
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ceptible to the air-plasma treatment with respect to the unaltered 

PEEK surface [ 20 , 62 , 63 ]. Wettability data obtained on sandblasted 

and air-plasma treated PEEK surfaces are not directly comparable 

with the literature, as different results have been obtained de- 
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ess and wettability. These techniques have been widely used for 

he surface modification of titanium implants and prostheses, and 

or the modification of polymeric biomaterials like PEEK, PTFE and 

DMS [ 39 , 40 , 46 , 58 ]. These two surface modification techniques are

ommonly applied in industrial processes, are cost effective and 

o not require complex protocols or the use of toxic or hazardous 

ompounds [ 3 , 45 , 59 , 60 ]. Process parameters of sandblasting and

ir-plasma treatment were chosen and tuned to obtain similar 

oughness and wettability between titanium and PEEK, in order to 

tandardize the morphology and chemistry of surfaces tested. Pro- 

lometry measurements showed that the treatments applied led to 

n increase of surface roughness for both titanium and PEEK sam- 

les, and that the roughness and morphology obtained were com- 

arable between the materials and the studies reported in liter- 

ture for an optimal osteointegration [ 24 , 57 , 61 ]. Air-plasma treat-

ent led to an increase of surface hydrophilicity for all the sur- 

aces tested with the exception of machined PEEK samples; it can 

e hypothesized that the morphological alteration, i.e. the increase 

f active surface, caused by sandblasting makes PEEK more sus- 
ending on the specific treatment: El Alwadly et al. observed an 

ncrease of PEEK wettability after sandblasting, with a roughness 

etween 1 and 15 μm [1] ; Han et al. showed a decrease of wet-

ability for roughness values below 1 or above 1.7 μm [24] ; and 

ore interestingly, Akkan et al. observed an increase of PEEK hy- 

rophobicity when treated with a laser micropatterning technique 

ombined with an oxygen plasma treatment [40] . In this case, con- 

act angle measurements confirmed the hydrophobicity of sand- 

lasted PEEK reported in literature [ 64 , 65 ], due to the fact that

n increase of the surface roughness increases its hydrophobic be- 

avior [66] and the increase of wettability subsequent to the air- 

lasma treatment [ 67 , 68 ]. Surface microhardness evaluation on all 

he materials tested, before and after sandblasting or air plasma 

reatment processes, showed that this property is not affected by 

he surface treatments here applied, and that the microhardness 

alues are similar to those reported in literature [ 69 , 70 ]. A criti-

al issue resulted from the EDS analysis of sandblasted samples, is 

he presence of alumina residues, which presence is much lower 

n PEEK samples with respect to titanium samples. Despite the 
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Fig. 5. Cell adhesion on treated samples. Cell adhesion measured for NIH-3T3 cells (A), MG63 cells (B) e hDPSCs (C) and expressed as the fluorescence intensity of the

Alamar Blue. The asterisks indicate relevant statistically significant differences between samples for the same cell line ( p < 0.05).

proven biocompatibility of alumina [ 71 , 72 ] and the lack of any ad- 

verse effect on osseointegration of alumina residues [73] , it has 

been suggested that alumina presence might exert long-term nega- 

tive effects on osseointegration [74] . In this context some strategies 
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sandblasted titanium surfaces. In the literature, a similar behavior 

between PEEK and titanium is reported in terms of fibroblast and 

keratinocyte adhesion and proliferation [ 83 , 84 ], but a preferential 

adhesion has been reported for micro-machined titanium surfaces 
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ave been proposed to remove alumina residues, such as the acid 

tching of SLA titanium surfaces [75] , or to stabilize the surface in 

rder to avoid the release of aluminum ions with a thermal treat- 

ent [76] . Future studies, to be performed comparing the surfaces 

ere tested, with titanium SLA surfaces [75] and acid etched PEEK 

urfaces will be necessary to determine the effect of the alumina 

esidues here observed. 

The biological properties of the materials, depending on the 

urface morphology and chemistry, have been evaluated using 

urine fibroblasts (NIH-3T3) and human osteoblasts (MG63), in or- 

er to consider the involvement of bone and gingival tissue in the 

mplant integration [77–79] . Moreover, human Dental Pulp Stem 

ells (hDPSCs) were used to test the ability of the materials here 

nalyzed, to sustain cell differentiation [6] ; to the best of the au- 

hors’ knowledge, this is the first time that the osteogenic prop- 

rties of PEEK and titanium, subjected to the surface treatments 

ere tested, are evaluated using hDPSCs and compared. Cell ad- 

esion and the proliferation have been both evaluated using the 

uorescence signal of the Alamar Blue assay: indeed, the correla- 

ion between its fluorescence intensity and the cell number is well 

ocumented [ 80 , 81 ], moreover the Alamar Blue has been recently 

sed for the evaluation of cell adhesion on biomaterials [82] . 

NIH-3T3 showed a preferential adhesion on PEEK surfaces inde- 

endently from the wettability, but the best performances in terms 

f proliferation were observed when fibroblasts were cultured on 
ith respect to polished ones [85] . The air-plasma treatment ef- 

ects were observed only for laser-treated titanium samples, which 

ere less prone to favour cell proliferation when subjected to the 

reatment; it has been reported that surface hydrophilicity can im- 

air fibroblast adhesion, spreading and protein expression [86] . 

Osteoblasts cells were able to adhere on all the surfaces with- 

ut any statistically significant difference, with the exception of 

G63 cells, which showed the best adhesion on sandblasted and 

ir-plasma treated PEEK surfaces. Regarding the proliferation, the 

ighest proliferation rates were observed on sandblasted titanium 

amples, followed by sandblasted PEEK and by laser micropat- 

erned titanium samples. In the literature, the positive effects on 

steoblast proliferation of sandblasting and surface activation of 

itanium have been reported [87] . The literature about osteoblast 

ehavior on PEEK and titanium is controversial; depending on 

he surface topography and hydrophilicity different behaviors have 

een documented. Benz et al. reported a similar behavior of os- 

eoblasts seeded onto machined PEEK samples, presenting a grind- 

ng pattern, and rough titanium samples [83] . da Cruz et al. cul- 

ivated osteoblasts on sandblasted and acid etched PEEK and tita- 

ium samples, observing a higher proliferation on PEEK samples 

78] , but Najeeb et al. observed a higher osteoblast proliferation 

nd maturation on titanium samples with respect to PEEK samples 

38] . The results presented in this work show that all the materi- 
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Fig. 6. Cell proliferation on treated samples. Proliferation rate trends for NIH3T3 cells (A), MG63 cells (B) and hDPSCs (C) cultured on titanium and PEEK samples. ( █, P_S; 

�, P_S ∗; � , Ti_S; ◦, Ti_S ∗; � , Ti_L; � , Ti_L ∗ . Asterisks indicate the relevant statistically significant differences ( p < 0.05). 

Fig. 7. ALP activity for hDPSCs cultured on treated samples. ALP activity expressed as the absorbance at 410 nm normalized for the amount of proteins measured in each

sample at day 4 (light grey), day 7 (grey) and day 14 (dark grey). + , statistically significant differences within sample groups; ∗ , statistically significant differences between 

groups at the same time point.

9
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Fig. 8. Biofilm formation on treated samples. Biofilm viability evaluated with the MTT assay. Asterisks indicate the relevant statistically significant differences ( p < 0.05).

Fig. 9. Bacterial adhesion. SEM micrographs of bacterial cells adhered on samples surfaces: P_S (A), P_S ∗ (D), Ti_S (B), Ti_S ∗ (E), Ti_L (C), Ti_L ∗ (F). Scale bar is 10 μm. 

als tested are able to sustain osteoblast adhesion and proliferation, 

with the best behavior displayed by sandblasted titanium samples. 

The behavior of hDPSCs cultured on the tested materials, 

showed differences with respect to the osteoblasts (MG63). The 
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tion conditions [88–92] . Comparing these data with the SEM mi- 

crographs of hDPSCs cultured on the tested materials, it can be 

noted how the differences of the sample chemical nature, wetta- 

bility and roughness, did not influence hDPSCs proliferation, while 
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dhesion was similar on all the materials tested without any sta- 

istically significant differences. hDPSCs proliferation was similar 

n all the tested materials up to 6 days, then an apparent slow- 

own of proliferation was observed on laser micropatterned tita- 

ium surfaces, accompanied by a marked increase of ALP activity 

ith respect to the other materials and treatments. The ALP activ- 

ty was chosen as a marker of osteoblast differentiation as it has 

een already used, as an osteo-specific marker, to evaluate the be- 

avior of hDPSCs in seeded in scaffolds or cultured in differentia- 
ffecting cell differentiation towards an osteoblast phenotype. As 

eported by Berardi et al . for SaOS-2 cell line, the ALP activity is 

igher on laser micropatterned surfaces than on sandblasted sur- 

aces [93] . The behavior of DPSCs seeded on PEEK or titanium is 

oorly treated in literature, and few works compare titanium to 

EEK in terms of osteoblast differentiation. Moreover, there is not 

 consensus on the behavior of DPSCs on titanium surfaces: while 

aculli et al. and Nakamura et al. reported a higher mineralized tis- 

ue formation on rough titanium samples [ 4 , 6 ], Sushmita et al. re-
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ported a higher cell growth and extracellular matrix deposition on 

smoother surfaces [94] . The scientific literature reports the ability 

of surface modified PEEK to sustain the proliferation and differenti- 

ation of DPSCs [95] , bone marrow stem cells [ 31 , 96 ] and human fe- 
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Alkaline Phosphatase, and the analysis of only one bacterial strain, 

the S. aureus . As the ALP activity is an early marker of osteoblast 

differentiation, other analyses, such as the quantification of Os- 

teocalcin and Osteopontin, and the analysis of extracellular ma- 
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al osteoblasts [78] . On the contrary, no differences were observed 

n terms of ALP activity when osteoblasts are seeded on PEEK, ti- 

anium or zirconia samples [78] . 

The effects of the material nature and of the surface morphol- 

gy and wettability, on bacterial adhesion and biofilm formation, 

ere assessed using Staphylococcus aureus , one of the bacterial 

trains mostly associated with peri-implant infections [ 10 , 13 , 17 , 97 ],

sing the MTT test [98] . Unlike eukaryotic cells behavior, the 

iofilm formation showed a strong dependence on the materials 

nd on the wettability and roughness. The highest biofilm forma- 

ion was observed on PEEK samples, and particularly on samples 

ot treated with air plasma cleaning process. Hydrophobic surface 

hemistry has been associated with bacterial adhesion [10] and 

t has been demonstrated that sandblasted PEEK is a good sub- 

trate for bacterial adhesion. In this context Rochford et al. pro- 

osed an oxygen plasma treatment for the increase of PEEK sur- 

ace hydrophilicity, to discourage bacterial adhesion, but failed to 

btain a significant effect [10] . In contrast, in the work here pre- 

ented it was demonstrated that the increase of hydrophilicity led 

o a decrease of S. aureus biofilm formation. Biofilm formation ob- 

erved on P_S ∗ samples was still higher than the biofilm formation 

bserved on sandblasted titanium samples, indicating that other 

aterial characteristics, besides roughness and wettability, affect 

he bacterial behavior. The lowest biofilm formation was observed, 

s expected, on laser-treated titanium samples [ 16 , 17 ] not sub- 

ected to the air-plasma treatment. This treatment, increasing sur- 

ace wettability, can enhance bacterial adhesion on this micropat- 

erned surface. Several strategies have been described in the lit- 

rature for the generation of an antibacterial surface on titanium 

mplants, e.g. coatings with antibiotics, antimicrobial peptides or 

ationic polymers or the implantation of antibacterial ions [13] . 

he most used strategies for PEEK are instead the coating with sil- 

er nanoparticles [42] , silver ions [43] , antibiotics [ 41 , 99 ] or an-

imicrobial polymers [100] . Among these strategies the laser mi- 

ropatterning proposed by Ionescu et al. and Drago et al. [ 16 , 17 ]

merges as an interesting strategy which does not requires com- 

lex steps of processing or the employment of toxic or hazardous 

ompounds. This process is able preserve the smoothness and the 

oor wettability of titanium surfaces, which discourage biofilm for- 

ation, providing, at the same time a regular pattern recognized 

y eukaryotic cells as a suitable substrate for the adhesion and 

rowth. 

Overall, in the context of this work, the material nature and 

he surface morphology emerge as important parameters in the in- 

eraction with eukaryotic and bacterial cells. The rough surfaces 

btained with sandblasting were indeed more prone to induce 

ell adhesion and proliferation than the smooth surface of laser- 

reated micropatterned titanium samples, which in contrast, were 

he most favorable surfaces to sustain hDPSCs differentiation, and 

he best choice in terms of discouraging of biofilm formation. As 

he literature reports controversial results in terms of in vivo per- 

ormances of implants and prostheses based on titanium or PEEK, 

urther studies are necessary to determine the best performing 

aterial and the best choice of surface treatment in term of os- 

eointegration, osteoinduction and bacterial adhesion. In this con- 

ext, given the excellent results obtained with titanium micropat- 

erned surfaces, laser micropatterning treatments of PEEK [ 28 , 40 ], 

eveloped to improve resin filling, adhesive bonding and shear 

ond strength, could be an interesting strategy for the improve- 

ent of bioactive and antimicrobial properties of PEEK. 

The biological analyses performed in this study have been lim- 

ted to the evaluation of hDPSCs differentiation by the analysis of 
rix deposition with Alizarin Red staining, will be useful to inves- 

igate more in details the hDPSCs behavior on the tested materi- 

ls. Regarding the microbiological analyses, Gram negative bacte- 

ial strains, such as Escherichia coli , and other pathogens involved 

n the oral cavity and in peri-implantitis formation, such as Strep- 

ococcus mutans , need to be taken into account to accurately inves- 

igate the effects of surface treatments and of biomaterials nature 

n the efficacy and success of dental implants. 

. Conclusions

Sandblasting and air-plasma treatments were efficient for the 

ncrease of surface roughness and wettability of titanium and PEEK 

amples. The comparison of sandblasted surfaces, with titanium 

icropatterned surfaces, showed that in this context, the wettabil- 

ty is not the critical parameter for cell adhesion and proliferation, 

nd that the surface topography plays the major role. All the ma- 

erials tested showed to be able to sustain cell adhesion and pro- 

iferation, which was higher on sandblasted samples. Laser-treated 

icro-patterned titanium proved to be the best choice in terms of 

iscouraging of S. aureus biofilm formation, eukaryotic cell prolifer- 

tion and dental pulp stem cells differentiation; while sandblasted 

EEK samples were the less able to prevent biofilm formation. Fur- 

her analyses are necessary to investigate more in details the os- 

eoblast phenotype of differentiated hDPSCs, to confirm the ability 

f laser micropatterned titanium to discourage bacterial adhesion 

nd biofilm formation using Gram negative bacteria and other bac- 

erial strains involved in peri-implantitis. 
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