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ABSTRACT: Polyether ether ketone (PEEK) is a biocompatible
polymer used in maxillofacial and orthopedic applications because of
its mechanical properties and chemical stability. However, this
biomaterial is inert and requires surface modification to make it
bioactive, enhancing implant-tissue integration and giving the
material the ability to interact with the surrounding microenviron-
ment. In this paper, surface of PEEK was activated by oxygen plasma
treatment and this resulted in increasing reactivity and surface
hydrophilicity. Then, a polydopamine (PDA) coating was deposited
over the surface followed by biofunctionalization with an RGD
peptide. The plasma effect was studied by contact angle measure-
ments and scanning electron microscopy. X-ray photoelectron
spectroscopy confirmed the presence of PDA coating and RGD peptide. Crystallinity and phase identification were carried out
through X-ray diffraction. Quantification of the immobilized peptide over the PEEK surface was reached through UV−vis
spectroscopy. In addition, in vitro tests with fibroblast cell line (NIH/3T3) determined the viability, attachment, spreading, and
proliferation of these cells over the modified PEEK surfaces. According to the results, PEEK surfaces functionalized with peptides
demonstrated an increased cellular response with each successive surface modification.
KEYWORDS: peptide coating, functionalization, bioactivity, surface modification, polymer/PEEK

1. INTRODUCTION
The advancement of implantable bioactive materials in the
medical field has improved the quality of life for many
patients.1 Bioactive materials must generate a positive response
to the host biological environment creating a suitable implant-
tissue integration while avoiding the formation of surrounding
fibrous tissue, toxicity, infection, activation of the immune
system, and consequently, in short or long term, implant
rejection.2 Due to the importance of using bioactive
biomaterials for implants, several studies have been carried
out on surface modification to create bioactive surfaces with
adequate protein adsorption, cellular response, and tissue
integration.1,3,4 With surface chemistry and a hydrophilic
surface, proteins can be absorbed to the surface of biomaterials
favoring an orientation that promotes cell migration, adhesion,
and spreading.3,5−7 In the present work, we are proposing the
biofunctionalization of the polyether ether ketone (PEEK)
surface with polydopamine (PDA) and the GRGDSP
fibronectin-sequence peptide to increase bioactivity and
improve the implant−tissue interaction. We establish a new
way to transform inert biomaterials into bioactive ones to
improve the interaction implants have with living tissues for
superior incorporation and sustainable long-term results.

Herein, we propose a novel method to functionalize the
surface of PEEK to enhance tissue−implant interactions. PEEK
was chosen because it is a plastic polymer used as bone
substitute in orthopedics and craniofacial and spine recon-
struction surgeries due to its chemical stability4 and suitable
mechanical properties; it presents aromatic rings and carbonyl
functional groups in the polymer main chain that provide a
semicrystalline structure making it a hard, durable, hydro-
phobic, and unreactive material.4,8 PEEK also has a smaller
elastic modulus than cortical bone which avoids stress
shielding. Furthermore, it has worn resistance, radiolucency,
low density, is non-allergenic, non-corrosive, non-toxic, and
non-mutagenic.9,10 All these features make it an excellent
material to be implanted in the human body however because
PEEK is a bioinert polymeric material, different methods have
been used to modify its surface characteristics to make the
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molecule bioactive.5,6,11,12 In this work, the PEEK surface was
activated with oxygen plasma and coated with PDA, following
a biofunctionalization with an GRGDSP fibronectin peptide;
the RGD sequence is reported as an activator of integrin
transmembrane cells.13−16

Briefly, our process consisted of PEEK surface polishing to
remove any marks from the cutting process and a treatment
with oxygen plasma as primer activation by introduction of
oxygen-functional groups to enhance the adhesiveness11 and
hydrophilicity of the surface.7,12 Then, the surface was rinsed
with DI water to stabilize it and remove any low-molecular-
weight debris possibly generated by plasma.3,17 The subse-
quent surface modification involved PDA coating under
alkaline conditions to perform an oxidative polymerization
reaction over PEEK.11,18,19 Dopamine is a catechol amine
compound used to coat different surfaces such as polymers,
ceramics, and metals5,18 and has functional groups that
facilitate the attachment of biomolecules like peptides,
proteins, and growth factors, as reported previously.5,13 Due
to the surface modification with PDA coating, the attachment
of the bioactive and functional peptide GRGDSP was achieved.
The peptide contains the sequence Arg-Gly-Asp, recognized by
integrin proteins found in the cell membrane.13,14,16 The
objective of working with a peptide instead of a protein is that
it offers a low risk of immunological reactivity. In addition,
being a small peptide presents stability to sterilization, pH
variation, and temperature15 as well as higher integrin
affinity.16 These modifications aim to improve the bioactivity
in vitro related to migration, adhesion, spreading, and
proliferation of fibroblast cells on the modified surfaces.

2. EXPERIMENTAL SECTION
2.1. Materials. Dental PEEK was purchased from Cera Direct

(China). Dopamine hydrochloride, Tris (hydroxymethyl) amino-
methane buffer, and Dulbecco’s modified essential medium (DMEM-
F12) were purchased from Sigma-Aldrich (USA). Fetal bovine serum
(FBS) was acquired from Gibco. GRGDSP peptide fibronectin
derived was purchased from GenScript (USA). NIH/3T3 mouse
fibroblast cells were acquired from ATCC (CRL-1658). Hoechst
33342 was purchased from Abcam (USA) and Phalloidin CF488A
from Biotium (USA).
2.2. Sample Preparation. 2.2.1. Design and Polishing. First,

PEEK disc samples with a height of 3 mm and different diameters, 18
mm for contact angle measurements, 5.8 mm for cell viability assays,
and 10 mm for all other assessments, were designed in Solid Works©
software and milled in a dental milling machine, Roland DWX-51D
(Hamamatsu, Japan). The samples were then randomly polished with
aluminum oxide sandpapers, using different grits (320, 600, 1200, and
2000) for 20 s each in a micro rotator GPX 200 Leco. Finally, they
were sonicated in ethanol and DI water to remove any residues from
the polishing process for 30 and 5 min, respectively. A polished
sample without additional surface treatment was considered as a
control sample and named polished-PEEK (PP), as shown in Table 1.
2.2.2. Plasma Surface Treatment. PP samples were oxygen plasma

treated for surface activation7,20 using a low-pressure plasma system
from the Diener Plasma Technology model Femto Standard Version
(Germany) to create PP treated with oxygen plasma (PLP). The gas

entered inside the chamber at a 5ssc flow rate, 0.5 mbar pressure,
power 50 W, vacuum pump speed 1.5 m3/h, and generator frequency
40 kHz for 1 min. Samples were thoroughly rinsed with DI water
twice for plasma stabilization over the surface and eliminate the
possible low-molecular-weight debris produced during the gas
discharge, reducing the surface concentration of oxygen.3,7,17 A
strategy to modify the PEEK surface consists of irradiating it with
plasma varying mainly in intensity and irradiation time. Exposition to
high energy produces the fragmentation of the PEEK main chain in
ether bonds and carbonyl functional groups. Also, oxygen plasma
introduces new functional groups derived from oxygen, such as
alcohols, carboxylic acid, and aldehydes. The reduction of polymer
size and the presence of functional groups with oxygen reduce the
material’s hydrophobicity, providing reactive sites for interactions
with other elements or molecules.11,21

2.2.3. Polydopamine Coating. PLP samples were immersed in a
solution of dopamine hydrochloride (2 mg/mL) in Tris buffer (10
mM, pH 8.5) at room temperature22 and constantly stirred for 12 h.
Then, samples were rinsed with DI water using an orbital shaker at
100 RPM for 10 s to remove any unbonded dopamine;7 this was
repeated twice.5 Finally, the samples were sterilized with ethanol,
dried under a laminar flow chamber, and stored in a desiccator, thus
creating the plasma-PEEK coated with PDA (DPP). The polymer-
ization mechanism of PDA is not currently clarified; nevertheless,
various research studies agree that the polymerization process starts
with the oxidation of dopamine to produce quinoid derivatives;6,13,18

once in this structure, the mechanism could take three different
routes. The first one involves the propagation process using the
quinoid dopamine structure as a monomer where the reactive sites are
carbon 3 and 5. The second mechanism uses a cyclization reaction of
quinoid dopamine through an aza-Michael intermolecular response to
produce the 5,6-dihydroxyindole (DHI). The reactive sites for
oxidative propagation are carbon 2 and 4. The third route of
oxidative polymerization consists of a mix of the previous two, with
quinoid dopamine and DHI reacting through an oxidative reaction in
their respective reactive sites. It is worth noting that in all cases of the
abovementioned polymerization mechanisms, alcohol functional
groups use it as a substituent in the polymer main chain. These
functional groups act as reactive sites to produce hydrogen bridge
bonds or electrostatic interactions with other compounds.18

2.2.4. RGD Immobilization. The final sample preparation of
dopamine-PEEK functionalized with peptides (PEP) for RGD
immobilization was made using the DPP samples. Samples were
incubated with the peptide solution, fibronectin sequence: GRGDSP
(Gly-Arg-Gly-Asp-Ser-Pro) 500 μg/ml (0.85 mM) in Tris buffer (10
mM, pH 8.5) for 12 h at 37 °C.23 Afterward, samples were twice
rinsed with PBS buffer to remove unattached peptides that may cause
cell detachment.14 The binding between the peptide and PDA coating
(speculated to have mainly OH groups)5,18,23 is through electrostatic
interactions between the coating and the hexapeptide.
2.3. Surface Characterization. 2.3.1. Surface Hydrophilicity.

The static contact angles were measured at room temperature for all
samples using the FTA-200 equipment. Measurements were made
approximately 20 min after each surface treatment. A 2 μL drop of
distilled water was automatically deposited on the surface of the
samples using a surgical syringe with a precision flow control valve.
Measurements were automated using FTA image analysis software.
For each sample, six contact angles were measured and averaged.
Standard deviations ranged from 2.08 to 5.34°.
2.3.2. Surface Topography. The surface topography of the samples

was analyzed by scanning electron microscopy (SEM) using a JEOL
7401 JSM microscope. Magnification: 10 kX, acceleration voltage 3
kV, probe current 9 to 10 μA, and field emission electron gun
(tungsten tip emitter) under ultra-high vacuum.
2.3.3. Quantification of Immobilized RGD Peptide. Immobilized

RGD peptide over DPP samples was quantified by evaluating the
peptide concentration in the solution before and after the
biofunctionalization process and doing a mass balance. In brief, the
initial peptide concentration in the solution is well known. Then, after
PEEK treatment, the sample was thoroughly rinsed, and the

Table 1. Sample Preparation and Their Naming

sample name surface modification

PP polished-PEEK
PLP polished-PEEK treated with oxygen plasma
DPP plasma-PEEK coated with polydopamine
PEP dopamine-PEEK functionalized with peptides
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absorbance of peptide in the retrieved solution was measured using
UV−visible spectroscopy. The experiment was performed in
duplicate.

The peptide concentration in the solution was calculated by
interpolating the absorbance of the mean of the samples with a
previously prepared calibration curve using GraphPad Prism software.

Thus, the peptide masses in the solution before and after PEEK
surface treatment were calculated. The RGD peptide concentration in
the solution was quantified using UV−visible spectroscopy (Cary
5000, Agilent) at 200−350 nm wavelength. It is stated that the
maximum signal is detected near 190 nm (π → π*) and the minimum
at 220 nm (n → π*).24

2.3.4. Chemical Composition. X-ray photoelectron spectroscopy
(XPS) was used to determine the elements present on all surfaces,
using a Thermo Scientific Escalab 250xi instrument equipped with an
Al Kα monochromatic X-ray source (hν = 1486.86 eV) and 0.4
resolution, −0.6 eV. The voltage applied to the electron gun was 10
eV, spot size 650 μm, energy step size 1.00 eV, using a standard lens,
and step energy 200 eV. All samples were measured 48 h after each
surface modification.
2.3.5. X-ray Diffraction-Phase Identification. Since PEEK and

peptide show some degree of crystallinity, X-ray diffraction (XRD)
analysis was conducted to phase identification of each sample to
detect the presence of peptide on the surface. The analysis used a
PANalytical XpertPRO diffractometer with a Cu-Kα radiation source,
operated at 40 kV and 30 mA. The diffractograms were recorded from
2Θ, the angle range of 7−90°, with a step size of 0.013°.
2.4. Cellular Response. 2.4.1. Cell Culture. NIH/3T3 mouse

fibroblasts (ATCC, CRL-1658) were cultured in Dulbecco’s modified
essential medium (DMEM-F12), supplemented with 5% FBS and 1%
streptomycin. Cells were incubated at 37°C and 5% CO2. The cells
were passaged every 2−3 days and detached using 0.25% Trypsin−
EDTA solution (Sigma-Aldrich).
2.4.2. Cell Viability (MTT Assays). Cell viability was determined

using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assay to measure cellular metabolic activity.
Living cells reduced MTT to a purple formazan salt, a measurable
marker.15,25 Each PEEK sample was placed in a 96-well plate, in
triplicate, and NIH/3T3 fibroblasts were seeded on the surface of the
PEEK sample discs at a density of 2 × 104 cells/well with DMEM-F12
medium supplemented with 5% FBS. For the control, NIH/3T3
fibroblasts were seeded in triplicate on a 96-well plate at a final
volume of 200 μL per well. The plates were incubated at 37 °C, 5%
CO2, and 92% humidity for 1, 3, and 5 days.

Following each day, the medium of each well was aspirated, and
cells were washed with PBS. DMEM-F12 and MTT stock solution
(0.5 mg/mL) were added to each well, and the plates were incubated
for another 4 h at 37 °C. After 4 h, the MTT with the medium was
removed from each well, and dimethyl sulfoxide was added for about
10 min to solubilize the formazan crystals generated by the cell’s
mitochondrial activity. Then, 100 μL of solubilized formazan crystals
was transferred to a 96-well plate, and the absorbance was read at 570
nm in a microplate reader Varioskan Lux VLBLATD2, Thermo Fisher
Scientific (Massachusetts, USA). Cell viability in the samples was
calculated as a percentage of the optical density, considering the
optical density of the control represented 100% viability. All assays
were made by duplicate.

=
×

% Viability (optical density sample / optical density control)

100

2.4.3. Cell Proliferation. PEEK samples were placed in a 24-well
plate, and fibroblasts were seeded onto each surface at a density of 2 ×
104 cells using DMEM-F12 medium supplemented with 5% FBS at a
final volume of 1 mL per well. They were incubated at 37 °C, 5%
CO2, and 92% humidity for 1 and 5 days. Following incubation time,
each surface was rinsed with PBS, and the cells’ nuclei were stained
according to a protocol described previously.26 Briefly, cells were
washed with PBS and fixed with 3.75% paraformaldehyde for 15 min
at 4 °C. Subsequently, a permeabilization process was carried out with

triton X-100 at 0.2% for 10 min at room temperature. Hoechst
fluorochrome was used to stain the cells’ nuclei at 37 °C for 30 min.
To observe the cell proliferation, cell counting was performed. Sample
images were taken at the first and fifth day. At least 20 images per
sample were taken for each sample group (n = 2). From the images
obtained at 10× magnification, the cell count per area was performed
using Image J software.
2.4.4. Cell Attachment and Spreading. PEEK sample discs were

placed in a 24-well plate, and fibroblasts were seeded onto each
surface at a density of 2 × 104 cells using DMEM-F12 medium
supplemented with 5% FBS at a final volume of 1 mL per well. They
were incubated at 37 °C, 5% CO2, and 92% humidity for 1 and 5 days.
This step allowed the cells to adhere and proliferate on the surface of
the samples. The samples were rinsed with PBS, and the cytoskeleton
was stained according to a protocol described previously.26 Briefly,
cells were washed with PBS and fixed with 3.75% paraformaldehyde
for 15 min at 4 °C. Subsequently, a permeabilization process was
carried out with triton X-100 at 0.2% for 10 min at room temperature
followed by blocking with lacteous protein (10% in PBS; 1 h) at room
temperature. Phalloidin fluorochrome was used to stain the actin
filaments for 20 min at room temperature in the absence of light
followed by three washes with PBS. Finally, the samples were analyzed
using a confocal microscope (Zeiss LSM-700). The cell morphology
was studied with SEM, and cells were seeded on peek samples at a
density of 2 × 104 cells and incubated at 37 °C, 5% CO2, and 92%
humidity for 8 h. Then, cells were fixed with 2.5% glutaraldehyde
followed by 8 h in a refrigerator at 4 °C. After washing them with
PBS, the cells were dehydrated, and samples were soaked in different
ethanol and DI solutions (20, 30, 50, 70, 90, 95, and 100%) for 5 min
each. After that, the samples were dried, and gold sputtered. The
images were analyzed using a Hitachi SU3500 (magnification 5.00
and 3.00×, acceleration voltage 5 kV, and working distance of 6.2
mm).
2.5. Statistical Analysis. Quantitative data are expressed as mean

± standard deviation (SD as error bars). Statistical significance was
performed with the analysis of variance Brown-Forsythe and Welch’s
ANOVA and Dunnett’s T3 test using GraphPad Prism software. A
value of p < 0.05 was considered statistically significant.

3. RESULTS AND DISCUSSION
3.1. Surface Hydrophilicity. Average contact angle

measurements are presented for the different PEEK surfaces
in Figure 1. The contact angle after each treatment of surface
modification is smaller than the previous one. The smaller the

Figure 1. Measurements of water contact angle and representative
pictures of water droplets on PEEK samples, (a) PP, (b) PLP, (c)
DPP, and (d) PEP. Data were obtained from five independent
measurements (n = 5); **** represents p < 0.0001 compared to the
PEP group, indicating a significant change in the contact angle values.
The lower the water contact angle, the higher the surface wettability.
The bars represent the standard error.
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contact angle, the more hydrophilic the surface of PEEK is
allowing the water droplet to spread out on the surface of the
sample. As the contact angle decreased, the surface energy
increased, establishing that each subsequent surface modifica-
tion treatment increased the surface hydrophilicity.

The PP sample had the highest contact angle (83.9 ±
5.34°), Figure 1a. The plasma treatment increased the peek
surface hydrophilicity, thus decreasing the contact angle (66.8
± 4.11°) due to introduction of oxygen functional groups from
modifying the surface with oxygen plasma,7,20 Figure 1b. It is
worth mentioning that this contact angle was due not only to
the plasma treatment since this treatment would give a much
lower value but also to the washing after the treatment because
it reduces the oxygen content and stabilizes the effect of
plasma.3,7,17 As shown in Figure 1c, the contact angle for PEEK
modified with PDA of 47.4 ± 3.67° is due to the polar
functional groups (OH) exposed on its surface.23 Finally, the
peptide also contains polar functional groups10 that made the
PEP sample the most hydrophilic with a contact angle of 35.5
± 2.08°, Figure 1d. The addition of the OH groups increases
the ability of the surface to hydrogen bond with the water
droplet which is why the water droplets can spread more over
the surface of the PEEK discs after each successive treatment.
3.2. Surface Topography. Differences in topography of

SEM images taken of PEEK surfaces are observed in Figure 2.

As shown in Figure 2a of the PP sample, any observable
polishing mark does not appear. The PLP-treated sample
shows a slight smoothing effect due to the oxygen plasma
surface modification. The sample modified with the PDA
coating (DPP) shows residues most likely due to dopamine
polymerization, and the PEP sample also showed slightly
different residues with a higher concentration than the DPP,
Figure 2c,d, respectively.
3.3. Quantification of the RGD Peptide. Based on UV−

visible spectroscopy analysis, GRGDSP peptide showed an
absorbance at 208 nm wavelength, Figure 3. GRGRDSP
concentration was calculated as 7.3 μg/mL according to the
calibrated curve, then the mass was obtained as 21.7 μg. Thus,
the total amount of peptide over the surface is 3.3 μg, which

means that 4.29 × 1013 peptide molecules per mm2 are present
in a surface of 78.54 mm2.
3.4. Chemical Composition. 3.4.1. Polydopamine Coat-

ing and RGD Immobilization. The XPS atomic percentage
composition revealed that the C 1s and O 1s of PP and PLP is
almost the same, likely due to the fact the PLP sample was
rinsed after plasma treatment which reduces the surface oxygen
concentration.7 After PDA coating of the DPP sample, N 1s
atomic percentage was detected due to the polymerization
carried out. N 1s content also increased after peptide
biofunctionalization of the PEP sample because of the higher
content of amine groups shown in Table 2. These results were

related with the XPS survey spectrum and high-resolution
spectra seen in Figure 4a. PP and PLP samples displayed only
C 1s and O 1s peaks around 289 eV and 537 eV, respectively.
In the DPP and PEP samples, the appearance of the N1s peak
around 400 eV confirmed the PDA coating and the presence of
the peptide. Furthermore, the modified PEEK surface high-
resolution spectra were analyzed using NIST XPS database
observed in Figure 4b. For N 1s peek of the DPP sample, the
signal was deconvoluted into two curves, and N−H/NH2 were
detected, confirming successful modification of the PDA
coating. After the peptide biofunctionalization, two curves
were also obtained, and the NH2 signal was detected in both,
confirming the amine groups from amino acids of the RGD
peptide sequence.

High-resolution spectra were obtained for the C 1s peek. For
all samples, C�O/C−O/C−H binding energies were
detected. In addition, for the PDA coating on the DPP
sample, C−OH/C−N signals were demonstrated. The C−N
signal was also detected for the PEP sample. The XPS results
demonstrate the PDA coating and the biofunctionalization
with the RGD peptide sequence were successful.
3.5. XRD Phase Identification. Figure 5a shows the X-ray

diffractogram obtained for each PEEK sample. As it was
expected, all XRD patterns showed the orthorhombic
crystalline structure of PEEK observed at 2Θ values of 18.81,
20.78, 22.75, and 28.77° corresponding to the crystallographic

Figure 2. SEM surface characterization of PEEK samples to examine
topography, (a) PP, unmodified PEEK, (b) PLP, O2 plasma treated,
(c) DPP, PDA-coated, and (d) PEP, functionalized with RGD
peptide. Scale bars 1 μm.

Figure 3. UV−vis absorption spectra for RGD peptide in the
retrieved solution.

Table 2. Atomic Percentage Composition Detected on
PEEK Surfaces

samples C 1 s O 1 s N 1 s

PP 79.7 ± 0.28 20.3 ± 0.2
PLP 78.9 ± 0.33 21.1 ± 0.33
DPP 73.4 ± 0.08 21.9 ± 0.45 4.8 ± 0.37
PEP 71.4 ± 0.96 21.1 ± 0.64 7.5 ± 0.33
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planes (110), (111), (200), and (211), respectively, and the
amorphous phase observed as a hump at the low 2Θ angles as
has been reported previously.27,28 The O2 plasma treatment
and the PDA amorphous layer over surface PEEK, PLP, and
DPP samples, did not show anything on the XRD pattern.
Nevertheless, the PEP sample containing the RGD peptide
showed two peaks at 8.74 and 10.89°. These peaks
unequivocally belong to a different phase besides PEEK, and
it must be a material with some degree of crystallinity, as could
be an organic peptide,29,30 such as the RGD peptide. Also,
their low intensity demonstrates the small amount of that

phase compared to the substrate. In addition, to reinforce the
previous finding, another PEP sample was also analyzed with
grazing-incidence XRD (Figure 5b). This technique is
commonly used for thin-layer analysis since the beam does
not penetrate deep into the bulk but over the surface. Here, the
two peaks observed previously were more visible and taller
since the grazing-incidence beam improves the detection of
thin layers over surfaces. Therefore, these peaks could be a
reliable indicator of the peptide’s presence over the surface.
However, a thorough and more specialized analysis may be
necessary to ensure it, which escapes from the aim of this work.
3.6. Cellular Response. 3.6.1. Cell Viability (MTT Assays).

The cell viability was analyzed in all PEEK samples (PP, PLP,
DPP, and PEP) on the first, third, and fifth day which is
represented in Figure 6.

With each subsequent surface modification, there are more
live cells as seen in Figure 6. Day 1 shows that the PP surface
had a viability of 45% (±3.92), PLP 65% (±1.74), and DPP
74% (±1.37) while for the PEP surface, the viability was 86%
(±4.42). The trend of increased cell viability is similar on days
3 and 5. The results demonstrate that surface modification of
PEEK enhances cell viability especially when comparing PP
samples to PEP samples. On the third day, the samples

Figure 4. XPS surface chemical analysis, (a) survey spectrum of the different peek surfaces and the high-resolution spectra of (b) N 1s peaks for
DPP and PEP samples, and (c) C 1s peaks detected in all samples, PP, PLP, DPP, and PEP.

Figure 5. XRD patterns for phase identification in PEEK samples. (a)
Samples: PP, PLP, DPP, PEP, and (b) grazing-incidence XRD pattern
for the PEP sample to confirm peptide presence.

Figure 6. MTT assay to determine Fibroblast NIH /3T3 cell viability
for the different PEEK samples, PP, PLP, DPP, and PEP.
Measurements were taken on the first, third, and fifth days and
estimated (based on a positive control), (n = 6); *** represents p <
0.0001, and ** represents p < 0.001 compared to the PEP group.
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maintained an increasing viability like the first day without a
notable increase specifically by the PEP sample. A possible
explanation for this behavior could be some peptides detached
from the surface, and the RGD sequence in solution favored
the cell detachment.14 On the fifth day, the viability increased
in all samples except for the PLP that maintained a similar

viability percentage as the PLP sample on day 3. The DPP
sample reached an acceptable viability of 83% (±1.74), while
the PEP sample had an outstanding 96% (±2.41), suggesting
that RGD peptide signaling was carried out on the trans-
membrane integrin of the fibroblast cells. In general, it can be
concluded the biofunctionalization with the peptide on PEEK

Figure 7. Fibroblast NIH/3T3 cell proliferation analyzing at days 1 and 5 for PP, PLP, DPP, and PEP samples and represented by (a) cell nucleus
stained with Hoechst, (b) quantification using Image J software, (n = 2 and 20 images per sample); **** represents p < 0.0001 as compared to the
PEP group.

Figure 8. Fibroblast NIH /3T3 cells cultured on different PEEK surfaces, (a) PP, (b) PLP, (c) DPP, and (d) PEP after 1 day; and (e) PEP cells
after 5 days. The images were taken in areas of significant cell confluence; the Cell cytoskeletons were stained with phalloidin. The nuclei were not
shown here.
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surfaces (PEP) increases cell viability as opposed to the non-
treated samples (PP).
3.6.2. Cell Proliferation. Proliferation analysis in the first

and fifth day (top and bottom, respectively) are shown in
Figure 7. Surface modification of PEEK samples increased the
proliferation rate with time, and the results were related with
MTT assays at the first and fifth day. The DPP sample for day
5 was the only sample that did not follow the increasing trend
which is discussed later. Considering each PEEK-modified
surface and the changes in surface chemistry and hydro-
philicity, each modification impacted cell proliferation in a
different way. Not surprisingly, the PP sample had a low
cellular response due to the lack of surface functionalization.
The plasma treatment (PLP) had a better effect on wettability
and thus a greater number of cells compared to PEEK that was
only polished. The changes in surface chemistry and
hydrophilicity from the PDA coating on the DPP sample
had favorable results on day 1 of exposure, however on day 5,
cell proliferation was reduced in comparison to day 1. This
result deviated from the trend seen in the viability assay at the
same time of exposure. One probable explanation for this
result, mentioned in other study as well, is the optical density
of cells is not always linear.25 One example in Yu ben lee et al.,
PDA coating on PCL films consistently showed low cell
proliferation between days 3 and 14.13 It may be possible that
over time, coating with PDA alone does not maintain cell
proliferation, however, to be sure of this more experimentation
is needed, but it is beyond the scope of this paper. Finally, the
sample with the RGD peptide had, by far, the highest cellular
response at both test times, demonstrating that the peptide
promotes an exceptional cell proliferation.
3.6.3. Cell Adhesion and Spreading. The cell adhesion and

spreading are shown in Figure 8 where only the cytoskeleton
was stained. Similar morphologies were observed especially on
PLP, DPP, and PEP samples. As seen in Figure 8a, there does
not appear to be a lot of spreading when compared to the
other samples. In the other three samples, the cells have a more
flattened appearance. Also in all samples, the cells were
grouped into single areas. The cytoskeleton of the cells on the
PEP samples from day 5 is more spread over the surface

compared to day 1 (Figure 8,e,d, respectively), affirming the
PEEK modified with the RGD peptide provides a better
anchor for cell adhesion.

Moreover, cells were cultured for 8 h and observed by SEM
represented in Figure 9. The SEM images showed cells
successfully anchored and spread in a similar manner on the
different PEEK surfaces, as seen in Figure 9a−c. DPP and PEP
samples also exhibited few cells with prominent nucleus and
with observable residues most likely from the polymerization
and peptide biofunctionalization confirmed in Figure 9d. The
results here suggest the residues seen after polymerization and
peptide biofunctionalization of PEEK samples aided cell
adherence as well as morphology. About the PP sample, not
attached cells were observed at this time.

4. CONCLUSIONS
Four different surface modifications to PEEK were performed
and evaluated for their ability to interact with a biological
microenvironment. A sequential modification with a polished
surface (PP), oxygen plasma activation (PLP), PDA coating
(DPP), and peptide functionalization (PEP) was accomplished
to investigate the impact of these treatments on cellular
response. The contact angle test showed increased wettability
(hydrophilicity) as different treatments were completed. The
chemical surface analysis by XPS revealed evidence of chemical
elements, indicating that PDA coating and peptide function-
alization were successful. This surface functionalization was
confirmed by XRD analysis, where a phase attributable to the
peptide was detected. Furthermore, the amount of peptide
remaining over the surface was quantified through a semi-
quantitative UV−vis analysis of the peptide concentration in
solutions before and after surface functionalization. The in
vitro studies established that the RGD peptide improved
cellular bioactivity regarding adhesion, spreading, viability, and
proliferation, enhancing the number of proliferated cells with
each added surface modification. The PLP sample had an
increased cell viability and proliferation rate concerning the PP
control, indicating that plasma is a simple and effective
treatment. The DPP sample with PDA showed a non-linear

Figure 9. SEM fibroblast NIH/3T3 morphology after 8 h cultured on different PEEK surfaces, (a) PLP, (b) DPP, and (c) PEP. Image (d)
represents the cell morphology encountered in some areas of DPP and PEP samples. Scale bars are 10 μm.
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cellular behavior with good viability results but not in
proliferation. The outcomes specified that functionalized
PEEK surface with RGD peptide significantly improves cellular
interaction, demonstrated by high cell viability and prolifer-
ation in all time points tested and facilitating cellular adhesion
and spreadability. The improved cellular response on the
PEEK surface will undoubtedly make it a more biocompatible
and bioactive biomaterial when implanted in the human body.

In brief, the methodology proposed in this work has
demonstrated, according to the results and evidence, that it is
possible to functionalize the PEEK surface with peptides
through plasma treatment and surface chemistry. XPS, SEM,
XRD, and UV−vis provided strong evidence of peptide
attachment to the surface, which was challenging due to its
close-packed semi-crystalline structure and unreactive surface.
On the other hand, the in vitro studies with cellular cultures
demonstrated that the very inert PEEK could be dramatically
transformed into a bioactive polymer that promotes cell
adhesion and spreading on its surface, making it a much better
biocompatible and bioactive biomaterial. The bioactivated
PEEK can be an improved biomaterial to fabricate biomedical
implants and artificial body part replacement with better
biocompatibility and cellular response. In addition, the
methodology developed in this paper could be applied for
surface functionalization of other biocompatible, inert
polymers such as polyethylene or PMMA, among others, in
order to increase their bioactive properties when implanted in
the human body.
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