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Abstract: The materials traditionally used for implant applications, such as titanium alloys, cobalt
chromium, and zirconium, often require surface modifications to achieve the desired osseointegration.
These materials still have the problematic stress-shielding effect. To limit stress shielding, PEEK is
the superior alternative to fulfill implant needs. However, the traditional methods of modifying and
functionalizing the surface of PEEK are often expensive, time consuming, and are not easily translated
into commercialization. Sulfonation is a process, which is dependent on controllable factors. Thus
far, no research has been performed to optimize the sulfonation process. Our data suggest that the
process factors can be controlled and optimized. Cellular activity was examined on the optimized
PEEK surfaces through testing with pre-osteoblast MC3T3-E1 cells through cell viability (MTT assay),
cell proliferation (DNA assay), cell differentiation (ALP assay), and cell mineralization (Alizarin red
assay). Overall, sulfonated and heat-treated PEEK exhibited a statistically significant increase in DNA
content over the course of 21 days, indicating more cell proliferation and viability for that surface.
In vitro testing results showed that the optimized sulfonated and heat-treated PEEK exhibited superior
cell proliferation and mineralization performance over smooth PEEK and sulfonated-only PEEK.

Keywords: surface modification; PEEK; osseointegration; sulfonation; porosity

1. Introduction

The need for orthopedic implants to treat musculoskeletal disorders has been on
the rise and is expected to continue increasing as the age of the population increases.
There was a 113% increase in spinal fusion procedures from 1998 to 2011 and a total of
1,390,611 spinal procedures in 2011 according to the HCUP Nationwide Inpatient Sample
(NIS) [1]. However, up to 10% of these implants experience failure due to causes such
as poor osseointegration, infection, and failure/breakage [2-5]. Osseointegration is the
direct connection between living bone and the surface of an implant and is crucial for the
long-term success of an implant [6]. Successful osseointegration into an implant interface is
mainly influenced by material stiffness and porosity ranging in size from 100 to 600 pm;
thus, it is critical to find the appropriate material and apply a surface modification, which
will be conducive to enhanced osseointegration [6-8].

Polyetheretherketone (PEEK) is a semi-crystalline non-resorbable polymer, which is
radiolucent, biocompatible, and resistant to most chemicals. PEEK has gained popularity
as an alternative replacement for titanium-based implants in orthopedic applications,
such as spine surgery, prosthodontics surgery, and maxilla-facial surgery, over recent
decades [9-13]. PEEK has an elastic modulus of 3-8 GPa, which is similar to the 7-30 GPa
range of human cortical bone; therefore, the problem of stress shielding often seen with
titanium implants, which have an elastic modulus of 55-110 GPa, is diminished when a
PEEK-based material is utilized [13-18]. One disadvantage of utilizing PEEK as an implant
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material is that the material is bioinert and requires surface modifications to elicit any
desirable cellular responses [9,11,19-22].

Osseointegration is influenced by surface features such as roughness and wettability
and is favorable to porous surfaces because they promote cellular attachment and allow
cell infiltration. Osteoblasts range in size from 10 to 50 um, but the typical pore sizes used
for orthopedic applications, which have shown propitious osseointegration, are in the size
range of 100400 pum [8,23-27]. Surface roughness on the micro-scale, typically noted as
1-50 pm, can enhance cell adhesion and osseointegration by increasing early mechanical
interlocking of the osteoblast cells, and roughness on the nano-scale of 1-1000 nm can
act to signal cellular attachment and differentiation, since the roughness of natural bone
is around 32 nm [23-26,28-30]. It is thought that a more hydrophilic surface, which al-
lows for increased protein adsorption and favorable protein conformations, will improve
cell attachment [23,31,32]. However, studies of how wettability influences osseointegra-
tion have produced contradicting results in the literature, which shows surfaces ranging
from superhydrophobic (water contact angle >150°) to superhydrophilic (water contact
angle approaching 0°) to be optimal for attachment and growth of osteoblasts [31,33-36].
The literature tends to point toward wettability being a secondary influence on osseoin-
tegration, whereas features such as porosity, roughness, and coatings are the primary
influences [32,35,37,38].

Sulfonation, which is the use of sulfuric acid to etch a surface, has long been performed
as a method to modify aromatic polymers for the production of proton-exchange mem-
branes for technologies such as polymer fuel cells and electrodialysis [39—-41]. The porous
network left behind on the surface of the sulfonated PEEK has encouraged researchers to
utilize the technology for biomedical applications [42-45]. PEEK sulfonation is an elec-
trophilic reaction in which the hydroquinone unit benzene-1,4-diol, beside the ether bridge,
is sulfonated, leaving behind a sulfonic acid, the -SO3H group, as seen in Figure 1 [39,41,44].
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Figure 1. Chemical reaction for creating sulfonated PEEK [46].

This sulfuric acid etching creates a porous structure on the PEEK surface, which
can be conducive to cellular attachment; however, the residual -SO3H group left behind
can be toxic to an in vitro/in vivo environment, thus needing to be removed through a
de-sulfonation process. Hydrothermal treatment with water is a method, which can be
used to remove the residual -SO3H groups, as seen in Figure 2. In the presence of water
and heat, the water molecules react with hydrogen (H) on the sulfur trioxide (SO3) group,
creating hydronium (H3O), which reacts with the benzene ring, causing SOj3 to detach and
leave as a gas when heated to its boiling point of 45 °C [47].
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Figure 2. Schematic representation of what happens to the residual sulfur groups during hydrother-
mal treatment.

The purpose of this study was to investigate the potential effects sulfonation process-
ing may have on modifying the surface of PEEK for enhanced osseointegration. Design
of experiment (DOE) methods were performed to optimize surface features and surface
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porosity on PEEK. A hydrothermal treatment process was also utilized on the optimized sul-
fonated PEEK surface to remove the residual sulfocompound groups to render the surfaces
advantageous to cellular attachment, proliferation, and differentiation. After successful
optimization of the sulfonation process, an in vitro study with pre-osteoblast MC3T3-E1
cells was examined on the optimized PEEK surfaces though cell viability (MTT assay),
cell proliferation (DNA assay), cell differentiation (ALP assay), and cell mineralization
(Alizarin red assay).

2. Materials and Methods
2.1. Materials

Medical-grade PEEK rods with approximately %2” diameters were provided by Zava-
tion Medical Products, LLC (Flowood, MS, USA). Concentrated sulfuric acid (95%-98%)
was purchased from Sigma-Aldrich (Burlington, MA, USA). Silicon carbide grinding paper,
grit 320, was purchased from Struers (Cleveland, OH, USA) for preparation of the PEEK
surfaces before sulfonation.

2.2. Specimen Preparation

Disk-shaped specimens with a thickness of approximately 4 mm and a diameter of
approximately 12.5 mm were cut from the PEEK rods using a Struers Accutom-50 sectioning
saw (Cleveland, OH, USA). The disk specimens were then mounted in bakelite (Struers
Citopress-20, Cleveland, OH, USA) and subsequently grinded for 15 s using a 320-grit
silicon carbide grinding paper, washed, and grinded again for 15 s (Struers TegraPol,
Cleveland, OH, USA). The specimens were removed from the mount and underwent a
5-stage wash cycle, consisting of the following: ultrasonic clean in Alconox® (Alconox Inc.,
White Plains, NY, USA) for 5 min, rinse with distilled water, ultrasonic clean in distilled
water for 5 min, rinse with ethanol, and rinse with distilled water. The specimens were
then allowed to air dry at room temperature and stored until further use.

2.3. Experimental Design—Optimizing the Sulfonated Surface

An altered design of experiment (DOE) approach was utilized to optimize the surface
porosity on the PEEK specimen. Minitab® software Version 20.1.3.0 (State College, PA,
USA) was used to generate some of the experimental designs; however, because some
specimens early in the optimization process did not have measurable features (i.e., pore
size), a qualitative approach to narrowing down the sulfonation processing factors had to
be adopted. Therefore, DOE was employed to help design the experiments when many
factors were under consideration, and then, intellectual intuition was used to narrow down
the sulfonation factors until measurable porosity could be attained. Hence, the authors refer
to this as an altered DOE approach. It took a total of six separate designs to ultimately reach
the optimized surface, and those design parameters are shown in Table 1. The following
sulfonation factors were identified as the most critical to investigate for this study: pre-
surface condition, soak condition, acid concentration, soak time, and soak temperature.
Pre-surface condition refers to the roughness of the sulfonated surface obtained by using
different grit sized silicon carbide grinding paper. There are four soak conditions mentioned
in Table 1, which are stirring (S), no stirring (NS), sonication only (50), and sonication plus
stirring (SS). Acid concentration alludes to the concentration of the sulfuric acid used for
the sulfonation.

After Design #1 experimentation, many of the specimens did not have measurable
porosity; therefore, it was not useful to put the responses in the DOE and narrow down
the significant factors in that manner. Therefore, the authors examined each specimen
qualitatively and made decisions on what factors to adjust or eliminate moving forward.
The results from Design #1 indicated that a rougher surface was more conducive to initiating
sulfonation on the PEEK surface; therefore, the high factor of 1200-grit grinding paper was
eliminated, and stirring was also eliminated as a factor due to the creation of streaks on
the sulfonated surface and addition of additional variables to control for in the process.
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Other factors, such as time and temperature, were also adjusted following Design #1. The
soak time high of 10 min resulted in zero pores on the surface and made the surface appear
melted; therefore, the authors chose to reduce the total soak time parameters significantly
moving forward. Additionally, acid concentrations lower than fully concentrated sulfuric
acid did not react with the PEEK surfaces to create porosity.

Table 1. Factors and related levels for each design space for optimization of surface porosity.

Pre-Surface

Design Space Condition (Grit) Soak Condition Acid Conc. Soak Time (min) Soak Temp. (°C)
Low High S/NS/SO/SS % Low  Center High Low  Center High

Design #1 220 1200 S/NS 80-100 1 - 10 22 - 60
Design #2 220 - NS 100 1 25 4 50 65 80
Design #3 220 - NS 100 2.5 3.75 5 55 65 80
Design #4 320 - SO 100 1 2.5 5 55 60 65
Design #5 320 - SO/SS 100 1 1.45 2.5 55 60 65
Design #6 320 - SO/SS 100 1 - - 65 - -

Design #2 and Design #3 were used to further refine the soak time and soak tempera-
ture. In between Design #3 and Design #4, the authors discovered that it would be fitting to
look at a pre-surface condition, which more closely matched that of the specimen types,
which would be generated by a manufacturer. A brief surface roughness side study was
conducted to try and match the PEEK pre-surface condition to that of as-manufactured
solid PEEK, and the authors discovered that a 320-grit grinding paper was optimal for that
purpose and was therefore used going forward for Design #4-Design #6. Additionally,
Minitab® was no longer used for generating designs after Design #3 was finished, and
instead, designs were created based on intellectual intuition. During the design process, a
beneficial method for removing the sulfuric acid and cleaning the specimen after soaking
was discovered. This method involved the use of compressed air to lightly blast the acid off
the surface, which enabled retention of the pores that formed during the sulfonation pro-
cess. It was discovered through experimentation that the pores formed during sulfonation
could be disrupted when the specimen was cleaned after soaking due to the exothermic
reaction, which occurs when sulfuric acid is mixed with water.

Designs #4—#6 provided features, which were quantifiable, and thus, Image] software
Version 1.53e (National Institutes of Health, Bethesda, MD, USA) was used to extract the
pore size data for comparison between the specimens and factors.

2.4. Optimizing the Hydrothermal Treatment

Hydrothermal treatment experimentation began after optimized sulfonation factors
were chosen, which provided a surface with a desirable porosity. The purpose of the
hydrothermal treatment experiments was to provide an optimal range in which most of
the residual sulfocompound (sulfur) groups were no longer present on the optimized
sulfonated PEEK surface. The experiment was designed around a soak time low of 60 min
and high of 90 min, and a soak temperature low of 45 °C and high of 80 °C, as listed
in Table 2. A total of two designs were conducted for the hydrothermal treatment. The
hydrothermally treated specimens were sulfonated according to the optimized parameters
identified in Design #6 above and further detailed in the Results and Discussion sections.
Water was continuously stirred during the hydrothermal treatment. Low and high values
for the factors were initially chosen based on values originally cited in the literature [43,44].
The second design was chosen based on results from the first design. Fourier transform
infrared spectroscopy (FTIR, Perkin-Elmer, Waltham, MA, USA) with a diamond/ZnSe
crystal at a resolution of 4 cm~! and scanned from 650 to 4000 cm ™! was utilized on smooth
PEEK, sulfonated-only PEEK (sfPEEK), and sulfonated and heat-treated PEEK (sfPEEK-HT)
to identify the functional groups of interest related to the successful removal of the residual
sulfocompound groups from the optimized sulfonated PEEK surface.
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Table 2. Designs and related levels for the hydrothermal treatment experiments on the optimized
sulfonated PEEK surfaces.

Specimen ID Soak Time (min) Soak Temp. (°C)
H1 90 45
H2 60 80
. H3? 0 0
Design #1 Ha 75 63
H5 90 80
HeP 60 45
sfPEEK—2 h HT 120 (2 h)
. sfPEEK—3 h HT 180 (3 h)
Design #2 SfPEEK—4 h HT 240 (4 h) 4
sfPEEK—5 h HT 300 (5h)

2 H3 is used as the control specimen, i.e., sulfonated PEEK without HT treatment. H3 and sfPEEK refer to the
same condition when used in this paper. ® The conditions used for H6 are the same as those used for sfPEEK—1 h
HT in future sections.

2.5. Surface and Physical Characterization
2.5.1. Digital Imaging and Pore Size Measurements

All sulfonated surfaces were imaged and documented using a VHX digital microscope
and its corresponding software (Keyence Corp., Osaka, Japan). Images were optimized
using the contrasting and brightening features in Keyence before being processed using
Image] software. Image] was used to measure the pore size and distribution data from the
surfaces when applicable.

2.5.2. Atomic Force Microscopy

Atomic force microscopy (AFM, Bioscope Catalyst, Bruker, Santa Barbara, CA, USA)
was performed on the optimized sulfonated and heat-treated specimens to determine the
resulting surface roughness (Ra) values. The specimens were created in three batches
(51, S2, and S3) with n = 2 (A and B) for each batch. Scans with 50 um x 50 um area
were acquired in ScanAssyst mode (0.100-0.25 Hz, and 512-256 samples/line) and further
analyzed using Gwyddion software (version 2.41).

2.5.3. Contact Angle

Contact angle analysis was performed on the fully optimized surfaces from the AFM
testing using 3 pL droplets of distilled water at ambient room temperature. Droplet images
were captured using VHX digital microscopy (Keyence Corp., Osaka, Japan) and analyzed
using Keyence software Version 1.2.0.2.

2.6. In Vitro Characterization
2.6.1. Cell Culture

MC3T3-E1 mouse pre-osteoblastic cells (American Type Culture Collection, Manassas,
VA, USA) were maintained and expanded at 37 °C and 5% CO; in alpha-modified Eagle’s
minimum essential medium supplemented with L-glutamine, sodium pyruvate, 10% fetal
bovine serum, and 1% penicillin-streptomycin, with the final pH adjusted to approximately
7.4. For experimentation, an osteogenic differentiation medium was formulated using
alpha-modified Eagle’s minimum essential medium supplemented with L-glutamine and
sodium pyruvate, 10% fetal bovine serum, 1% penicillin-streptomycin, 0.284 mM L-ascorbic
acid, and 10 mM B-glycerophosphate. Approximately 50,000 cells/specimen were seeded
and acclimatized for a day; thereafter, the specimens were supplemented with 1 mL of
differentiation media every 48 h for a total of 21 days. The specimen types used for all
in vitro experimentations were smooth PEEK, sfPEEK, sfPEEK-HT, with n = 3 for each
testing method. The sfPEEK-HT specimen was sulfonated according to the parameters
identified during the optimization experimentation detailed earlier. The smooth PEEK
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specimens were used as negative control in this study because it was anticipated that cells
will not proliferate or readily mineralize on the smooth surface compared to the treated
surface specimens.

2.6.2. Cell Viability

To assess cell viability at Day 7 and Day 21, a CyQuant™ MTT cell proliferation assay
kit (ThermoFisher, Waltham, MA, USA) was used according to the manufacturer’s protocol.
Each specimen was incubated with 12 mM MTT stock solution and media for 4 h, followed
by solution removal and addition of DMSO. Absorbance was read at 540 nm with an
ELX-800 plate reader (Winooski, VT, USA).

2.6.3. Biochemical Analysis

Cells were trypsinized and collected off each specimen at the designated time points
of Days 1, 7, 14, and 21 and stored at —80 °C until use. Cells were lysed via sonication for
1 min at 10% amplitude. DNA and alkaline phosphatase (ALP) assays were performed
in triplicate.

2.6.4. Cell Proliferation

A CyQuant™ DNA cell proliferation assay (ThermoFisher, Waltham, MA, USA) was
used according to the manufacturer’s protocol on the lysed cells. Standard cell wells were
conducted in duplicate. Fluorescence was measured at an excitation wavelength of 460 nm
and emission wavelength of 520 nm on a Biotek FLx800 plate reader (Winooski, VT, USA).

2.6.5. Cell Differentiation

An alkaline phosphatase (ALP) assay was performed on the lysed cells to measure
cellular differentiation. A QuantiChrom ALP assay kit (BioAssay Systems, Hayward, CA,
USA) was used according to the manufacturer’s protocol at an absorbance of 405 nm on an
ELX-800 plate reader.

2.6.6. Cell Mineralization

To verify mineralization of the pre-osteoblasts on each specimen, calcium deposition
was visualized using Alizarin red staining via osteogenesis quantitation kit (EMD Milli-
pore, Billerica, MA, USA) according to the manufacturer’s protocol. A control specimen
containing no cells for each specimen type was analyzed as well. A VHX digital microscope
was used to image the mineralized staining.

2.7. Statistical Analysis

Welch ANOVA (x = 0.05) was used to determine any differences among the specimen
groups in terms of pore size measurement, AFM, contact angle, mechanical testing, and
in vitro experiments. For statistical comparison among the specimen groups, a Dunnett
post hoc test was performed. Normality was checked using a Shapiro-Wilk test before
calculating the ANOVA. For the specimen groups with extremely large counts for pore
size measurements, any slight variations in normality were ignored due to ANOVA being
robust against deviations in normality, resulting in a small effect on Type I error rate. All
statistical analyses were performed using GraphPad Prism Software (version 8.3.0).

3. Results
3.1. Optimized Sulfonated Surface

Measurable surface porosity was not achieved in the first few designs, leading to each
experiment being scored qualitatively by visually examining the surface and determining
which surface experienced changes, such as the porosity present, similar porosity distri-
bution across the surface, and an even sulfonated surface texture. The parameters from
the most visually desirable surfaces on the specimen(s) from each design were chosen, and
subsequent designs were built around those factors until a fully optimized surface was
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attained. Contact angle analysis and surface roughness were only measured on the fully
optimized surfaces, since those properties were secondary to attaining ideal porosity for
this study. Each design had specimens sulfonated in random order to avoid any nuisance
factors. Original non-treated PEEK has a yellowish-brown appearance in color, and once
sulfonated, the surface appears white, but due to differences in lighting with the digital
microscope and different surface features present on the specimens, all images were col-
lected in the black and white color mode for pore measurements. An optimal soak time of
1 min and a soak temperature of 65 °C were determined from Design #5, but the optimal
soak condition was still under investigation. Additionally, it was discovered that blasting
the sulfonated surface with compressed air allowed the removal of sulfuric acid while
preserving the porosity, which formed during sulfonation.

Design #6 was performed with the ideal time and temperature identified from Design
#5 but with the soak condition of sonication only and sonication plus stirring under investi-
gation. The results from this design showed similar pore surface coverage, pore count, and
pore diameter, as shown in Table 3. Since similar results were obtained across the specimen
types, the authors chose to move forward with in vitro studies using the sonication-only
method, since this was more controllable, and using stirring would have required further
refinement in terms of stirring speed and specimen location within the stirring vortex.
Figure 3 below shows the specimens from Design #6 sulfonated with sonication only, and
the images shown were enhanced in black and white for easier identification of the pores
using Image]J software. Ultimately, the optimized sulfonation parameters were a pre-surface
condition using a 320-grit grinding papet, sonication-only soak method, soak time of 1 min,
and soak temperature of 65 °C.

Figure 3. Digital images of the sulfonated specimens in Design #6. The red pores outlined show
which ones were identified and counted by Image]J software.
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Table 3. Porosity data from specimens in Design #6. The diameter reported is the Feret diameter.

Specimen ID Pore Coverage (% Area) Pore Count Pore Diameter (Avg: um)
D6-1-SS 13 2124 103 £ 128
D6-2-SS 17 4179 88 £97
D6-3-SS 11 2531 94 £+ 92
D6-1-SO 11 1574 120 £ 109
D6-2-SO 18 2558 115 £+ 151
D6-3-SO 21 2671 118 + 160

3.2. Hydrothermal Treatment

Specimens were prepared according to the Design #6 sample type configurations
for the first hydrothermal treatment (HT) experiment (Design #1). The experiment was
designed around a soak time low of 60 min and high of 90 min, and a soak temperature
low of 45 °C and high of 80 °C, as listed in Table 2. Digital imaging of the specimens before
and after HT showed no evidence of changing surface features, indicating that the HT
only removes residual sulfocompound groups and does not change surface morphology.
Fourier transform infrared spectroscopy (FTIR) was performed on each sample to identify
the functional groups of interest. The spectra for samples from the hydrothermal treatment
Design #1 are shown in Figure 4a. In Figure 4 graphs, sfPEEK refers to the positive control
specimen, which is sulfonated PEEK without hydrothermal treatment, and H6 and stPEEK—
1 h HT both have the hydrothermal treatment parameters. The specimen labeled PEEK
is the negative control, comprising untreated PEEK. In Figure 4a, there is a large, broad
peak around 3400 cm~! on the sfPEEK specimen, indicating the presence of the residual
-SO3H group, and another peak at approximately 1070-1100 cm ™!, which represents S=O
stretching. The other specimen types in Figure 4a exhibit decreasing intensities of the
peaks at 3400 and 1070 cm~!. These data suggest that the removal of residual sulfur
groups is more dependent upon time rather than temperature. Therefore, it was decided
by the authors to move forward in Design #2 with 45 °C and simply adjust the time and
investigate the time points of 2, 3, 4, and 5 h, as shown in Table 2. The FTIR data from the
hydrothermal treatment Design #2 are shown in Figure 4b—d. The 2 h and 4 h time points
were removed to better visualize the results and not overcrowd the graphs. Figure 4c shows
all the results from Figure 4b on the same baseline, and Figure 4d is an enlarged portion of
Figure 4b. Figure 4b—d reveal no peak in the 3400 cm ! range and no peak in the 1070 cm ™!
range on the untreated PEEK specimen, which is what is expected, given the peaks shown
on the sfPEEK specimen. The data in Figure 4a—c show lower intensities of the peaks of
interest, but similar values are noted for the specimen at 1, 3, and 5 h, suggesting that a
hydrothermal treatment performed at 45 °C in the range of 1-5 h would be sufficient for
reducing residual sulfur compound groups.

3.3. Atomic Force Microscopy

The surface roughness of the sulfonated PEEK specimens is very tortuous, with vary-
ing degrees of topography, as can be seen in the wide range of roughness values shown
in Figure 5a. However, across each specimen, there was no significant difference in the mean
roughness values, which were 0.298 £ 0.108 um, 0.308 £ 0.042 pm, 0.592 &+ 0.231 pm,
0.671 & 0.089 pm, 0.538 £ 0.337 pum, and 0.440 = 0.143 pum for specimens S1-A-53-B. There
were 15 different statistical comparisons for these specimens, and each had a p > 0.05,
indicating no significant difference.
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Figure 4. (a) FTIR spectra data for hydrothermal treatment Design #1; (b) FTIR spectra data for
hydrothermal treatment Design #2; (c) FTIR spectra data for Design #2 showing wavelengths of
interest in the range of 500-4000 cm " all on the same baseline; (d) FTIR spectra data enlarged from
graph (b) showing Design #2 and the wavelengths of interest in the range of 1000-1150 cm !, which
is the location of the S=O vibration peak.
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Figure 5. (a) Average roughness (Ra) values obtained using the atomic force microscope. (b) Average
wetting angle obtained for each independent replicate. There were no significant differences found
between any of the groups. The specimens were created in three batches (S1, S2, and S3), withn =2
(A and B) for each batch, as further described in Section 2 earlier.
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3.4. Contact Angle Analysis

Figure 5b shows that all specimens recorded hydrophilic contact angles below 90°,
and there was no significant difference among the specimens. All 15 specimen comparisons
had a p > 0.05, indicating no significance. The lowest recorded mean was 59.62°, and the
highest was 71.47°.

3.5. In Vitro Evaluation
3.5.1. Cell Viability

To assess cell viability, an MTT assay was performed on the cultured specimens after
7 and 21 days. Figure 6 shows significantly higher cell viability for PEEK specimens
over sfPEEK (p-value < 0.0001) and sfPEEK-HT (p-value < 0.0001) after Day 7, and for
PEEK specimens over sfPEEK (p-value < 0.0001) and sfPEEK-HT (p-value = 0.0024) on
Day 21. The sfPEEK-HT specimen had higher viability compared to sfPEEK on Day 7
(p-value = 0.0017) and on Day 21 (p-value = 0.0001).

Bl PEEK
BEm SfPEEK
Bl SfPEEK-HT

4=

Absorbance (570 nm)
T

0_

Day 7 Day 21

Figure 6. Absorbance readings for cells on specimen surfaces after 7 and 21 days. The MTT assay
was used. The * is compared to PEEK, and a is compared to sfPEEK; significance noted at p < 0.05.

3.5.2. Cell Proliferation and Differentiation

Cell proliferation and differentiation on Days 1, 7, 14, and 21 were measured using a DNA
and ALP assay kit, respectively. Figure 7a shows increasing cell proliferation for all specimens
across each time point. Significantly more DNA content was measured for sfPEEK-HT
on Day 7 (p-value < 0.0001), Day 14 (p-value = 0.0029), and Day 21 (p-value = 0.0301)
compared to PEEK, and significantly more DNA was measured for stPEEK-HT on Day 7
(p-value < 0.0001), Day 14 (p-value < 0.0001), and Day 21 (p-value = 0.0136) compared to
sfPEEK. Both sfPEEK and sfPEEK-HT had significantly higher cell proliferation than PEEK
on Day 1 (p-value < 0.0001). However, PEEK had significantly higher values on Day 14
compared to sfPEEK (p-value = 0.0011). Figure 7b shows low ALP activity on Day 1 for
all specimens, but then, a large increase in ALP activity for all specimens occurs by Day
7. PEEK (p-value = 0.0072) and sfPEEK (p-value < 0.0001) have significantly higher ALP
activity than sfPEEK-HT on Day 7. Additionally, PEEK (p-value = 0.0063) and sfPEEK
(p-value < 0.0001) have significantly higher ALP activity on Day 14 compared to sfPEEK-
HT. ALP activity by Day 21 is still significantly higher for sfPEEK compared to the other
two specimen types: PEEK (p-value = 0.0337) and sPEEK-HT (p-value = 0.0005).
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Figure 7. (a) DNA results for each specimen type at the designated time point. (b) ALP results for
specimens at each time point. The * is compared to PEEK, and a is compared to sfPEEK; significance
noted at p < 0.05.

3.5.3. Cell Mineralization

The Alizarin red staining technique and subsequent digital imaging were performed to
determine whether the osteoblast cells matured and mineralized on the different specimen
surfaces. Controls were used to verify that the surfaces did not uptake any of the red stain
and interfere with cell identification. Alizarin red stains calcium deposits from mature
osteoblasts in red. Figure 8 shows some red stained cells present on the PEEK specimens and
copious amounts of red for the sfPEEK and sfPEEK-HT specimen types. This indicates more
overall cell differentiation and mineralization for the sfPEEK and sfPEEK-HT specimen
types compared to PEEK.

PEEK sfPEEK SfPEEK-HT
1 50X

Figure 8. Mineralized cells stained with Alizarin red on each specimen type. Staining was performed
on n = 3 samples of each specimen type, and the example images from each specimen are shown.

4. Discussion

The data from this study conclude that pore size and distribution may be optimized
by varying the sulfonation processing factors. The most critical factors for sulfonation of
PEEK are soak time, soak temperature, soak condition, and post-soak cleaning. The optimal
sulfonated surface was achieved using a soak time of 1 min and a soak temperature of
65 °C. It was also determined that the best soak condition is either sonication or sonication
with stirring. However, since the data of specimens with sonication only versus sonication
with stirring were similar, a more efficient and controllable sulfonation process would be
to use sonication only as the soak condition. Using air to blast away sulfuric acid before
rinsing is the best method to clean the specimens after sulfuric acid soak.

These factors resulted in pores on the sfPEEK surface ranging from 85 to 108 um in
average size, which is in the 100400 um pore size range, which is conducive to osteoblast
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attachment and growth, which will lead to ultimately successful osseointegration [7,30].
Wan et al. studied the biomineralization ability of sulfonated PEEK with pore sizes ranging
from 4.5 to 18.5 um [46]. The research group concluded that a sulfonated PEEK with a
low sulfur concentration and an average pore size of 6-14 pm had significantly higher
amounts of cell adhesion and proliferation compared to untreated PEEK [46]. Another
study performed by Wang et al. compared sulfonated PEEK specimen to sulfonated PEEK
specimen coated with strontium and adiponectin [21]. The authors of this study showed
no significant difference in cell viability for the specimen types after 5 days, no significant
difference in ALP activity after 7 days, and no significant difference in the osteogenic
related gene expression of Type I collagen, Runx2, or OPN [21]. However, Wang et al. did
observe that the strontium and adiponectin specimen did have higher ALP activity and
mineralization after Day 14, but this does not discredit the sulfonated-only PEEK, as it
performed relatively well with no additional bioactive factors added [21].

The porosity distribution across the surfaces of sulfonated PEEK was visually well
dispersed, as shown in Figure 3. Specimen types varied statistically when observing the
pore sizes as a whole and in the 0-150 um range. However, when the pore size range
was narrowed to a range between 151 and 400 um, there were no significant differences
among the sulfonated PEEK specimens. Deviations in the total pore size averages most
likely resulted from large pore size outliers or outliers caused by shadowing issues in
Image]J. Similar sizes between 151 and 400 um are important because a pore size of at
least 100 um is considered a major influencing factor in enhancing osteogenesis [8,24].
Furthermore, the natural structure of cortical bone ranges in pore size from 10 to 500 pum,
and the size of cancellous bone pores ranges from 0.2 to 1 mm [27,38]. Civantos et al.
studied the osteointegration behavior of specimens with varying pore sizes of 100-200 um,
250-355 um, and 355-500 um on titanium surfaces [7]. The researchers showed that there
was no significant difference across the different sized porous specimens; however, all
porous specimens had higher levels of ALP expression and calcium deposits compared to
non-porous specimens [7]. Murphy et al. used MC3T3-E1 cells to experiment on scaffolds
with mean pore sizes ranging from 85 um to 325 um to determine which pore size resulted
in improved cell adhesion [30]. The authors showed that the initial cell attachment was
approximately 62% for 325 um pore sizes after 24 h and 48 h time points, and cell attachment
for 120 pm sized pores was 45% after 24 h and 48 h [30]. No significant difference was
found in cell attachment for the 85 pm, 164 um, and 190 um pore sized scaffolds, and the
authors concluded that larger pore sizes lead to more overall cell infiltration, while smaller
pore sizes have initially higher cell attachment [30].

The hydrothermal treatment experiments suggested that soaking sfPEEK in distilled
water at 45 °C creates surfaces conducive to cellular growth. A study conducted by
Ouyang et al. hydrothermally treated sulfonated PEEK specimens at 25 °C and 120 °C
for 4 h, respectively. The EDS results showed a lower detection of sulfur content for the
120 °C treated group, and the same group displayed significantly higher amounts of cell
proliferation and ALP activity compared to the 25 °C group and no hydrothermal treatment
group [47]. The 25 °C hydrothermal treatment conducted by the researchers showed
higher cell proliferation than the no hydrothermal treatment group; however, the sulfur
content remaining was still too high to significantly outperform the 120 °C group [47]. The
hydrothermal treatment experiments conducted for this study ranged in temperature from
45 °C to 80 °C, showing no difference in sulfur concentration based on temperature, but
instead, the most notable difference in residual sulfur content was based on soak time.
This would indicate that the temperature of 45 °C chosen is adequate for removing sulfur
content from the sulfonated PEEK, which will allow proper cell viability.

FTIR was performed to observe the chemical changes, which occurred on the sul-
fonated PEEK after hydrothermal treatment. Figures 1 and 2 are displayed in the preceding
section to show the general mechanism of the sulfonation and desulfonation of PEEK.
A residual -SO3H group is left on the sulfonated PEEK surface, and after hydrothermal
treatment, this -SO3H group is removed. On the FTIR spectrum, a broad peak represent-
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ing an OH- functional group can be seen around 3400 cm~!, and a small peak around
1050 cm ! represents S=O vibrations [42,44,48]. Figure 4 shows higher intensities of the
aforementioned peaks for specimens, which were not hydrothermally treated, compared to
those, which were hydrothermally treated, which indicates the success of the treatment in
removing residual sulfur groups. This is further supported by the contact angle analysis
in Figure 5b displaying a significantly higher contact angle for sfPEEK-HT, which would
be more hydrophobic due to no OH- group from the -SO3H being present, compared to
sfPEEK [45].

The AFM data (Figure 5a) confirm no significant differences among the replicates, with
average Ra values ranging from 0.298 to 0.671 um. This changing topography indicates
the presence of micro- and submicro-structures, which are texturing the surface. Loose
definitions of macro-, micro-, submicro-, and nano-scale topography are present in the
literature, but typically, the scale is less than 1 mm, 100 pm, 1 um, and 100 nm, respec-
tively [25,28,29]. This roughening of the PEEK surface following sulfonation is conducive
to osteoblast adhesion, proliferation, and mechanical interlocking. Three specimen types
with average surface roughness (Ra) values of 0.6 pm, 1.5 um, and 0.5 pm for machined
(MA), micro- (MACRO), and nano- (NANO) surfaces, respectively, were studied by Salou
et al. to determine osseointegration capabilities using in vivo animal experimentation [37].
The researchers noted that after 4 weeks of implantation, the NANO surfaces showed
higher performance values for pull-out force testing and bone growth compared to the
MACRO and MA surfaces [37]. The contact angle analysis for this current study shown in
Figure 5b shows no significant differences among the replicates. These data observed for
the independent replicates give the authors confidence that the sulfonation process used
for this study is repeatable.

The MTT testing in Figure 6 revealed PEEK specimens to have overall more viability
compared to the other two specimen types for Day 7 and Day 21. Additionally, the sfPEEK-
HT specimen had significantly higher viability than sfPEEK over the 21 days. However,
PEEK and sfPEEK-HT generally show high levels of viability, and the viability of sfPEEK
increases from Day 7 to Day 21, which could indicate the possible removal of residual
sulfur groups over the testing period, resulting in a more favorable cell environment. The
increase in viability coincides with the increase in DNA content on all specimen surfaces
seen across Days 1,7, 14, and 21 (Figure 7a). The DNA assay is performed to represent cell
proliferation, while the ALP assay is performed to observe early osteoblast differentiation.
Overall, sfPEEK-HT has the most significant and highest increase in DNA content over
the course of the 21 days, indicating the highest cell proliferation and presence for that
surface. The lower values of DNA content seen for the sfPEEK specimens could indicate
that the cells on that surface have switched from proliferation to differentiation because the
ALP activity for sfPEEK on Day 7 is significantly higher than sfPEEK-HT and significantly
higher than PEEK and sfPEEK-HT on Days 14 and 21.

The mineralization seen in the Alizarin red staining in Figure 8 further confirms the
switch from proliferation to differentiation, which occurred on the specimen surfaces, as
indicated by the ALP activity in Figure 7b. Even though the PEEK specimens have a
large increase in ALP activity on Day 7, which would indicate differentiation, the DNA
content is low in Figure 7a compared to the other specimen types, meaning that the overall
cell count on the surface could be lower, resulting in the lower overall mature osteoblast
formation seen. In contrast, the sfPEEK and sfPEEK-HT surfaces have an abundant amount
of red staining. Visually, it is difficult to determine whether sfPEEK or sfPEEK-HT have
more mineralization; however, the DNA and ALP data suggest that cells proliferate more
on sfPEEK-HT and eventually differentiate and mineralize, while the cells on sfPEEK
proliferate less but differentiate more readily and subsequently mineralize.

5. Conclusions

Porosity and porosity distribution across PEEK surfaces were able to be optimized
based on varying sulfonation process factors. A hydrothermal treatment was also success-
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fully employed to reduce residual sulfur content on the sulfonated PEEK surfaces. This
study concludes that the optimal sulfonation process—which will produce a PEEK surface
with the desired porosity of approximately 88 pm-120 um, reduced sulfur content for
enhanced cell viability, and cell attachment—includes an acid soak time of 1 min and a
soak temperature of 65 °C. This process is followed by quick bursts of air to remove the
acid and a subsequent hydrothermal treatment at 45 °C for approximately 2.5 h. After
the treatments, the resulting micro-scale and nano-scale features are similar across the
surfaces, as indicated by AFM roughness measurements and contact angles. FTIR and
contact angle analyses were performed to confirm successful hydrothermal treatment of the
sulfonated and heat-treated PEEK specimens. Successful removal of the functional groups
OH- and -SO3H, which are indicative of residual sulfur groups, was shown on the FTIR
spectrum after specimens were hydrothermally treated. The contact angles went back to
being more hydrophobic after hydrothermal treatment. In vitro experimentation proved
the successful attachment and proliferation of MC3T3-E1 cells on each specimen type.
Smooth PEEK had overall higher cell viability, followed by sulfonated and heat-treated
PEEK. The sulfonated and heat-treated PEEK had significantly higher cell proliferation
compared to smooth PEEK and sulfonated-only PEEK across all time points, indicating a
favorable environment for the cells. ALP activity indicates early differentiation of the cells
on smooth PEEK and sulfonated-only PEEK taking place on Day 7, while the sulfonated
and heat-treated PEEK have a sustained period of differentiation due to the high amount of
cell proliferation occurring. Maturation and mineralization of the osteoblast cells occurred
on all specimen types, with sulfonated-only PEEK and sulfonated and heat-treated PEEK
having the highest amount. Future testing should be conducted to determine sulfonated
and heat-treated PEEK’s ability to have enhanced osseointegration in vivo, but overall, it
can be suggested that the optimized sulfonated and heat-treated PEEK would have superior
performance over smooth PEEK and sulfonated-only PEEK due to its porosity, high cell
proliferation, and mineralization performance.
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