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Obstract

Poly(ether ether ketone) (PEEK) has excellent properties, such as high biocompatibility and an elastic modulus similar 
to bone, which makes it a suitable biomaterial. When modified with sulfuric acid (H2SO4) and hydroxyapatite (HA), its 
workability and bioactivity is enhanced, and this makes it of great importance in medicine. This study investigates a better 
combination of process parameters to manufacture sulfonated PEEK/HA (SPEEK/HA) membranes for biomaterials. 
Chemical, thermal, and biological analyses were carried out on all samples. The sulfonated structure was observed to 
enhance wettability, adhesion, and cell viability. Furthermore, an increase in the degree of sulfonation facilitated their 
workability as required for biomaterials; making them suitable for osseointegration. Besides, the SPEEK/HA membranes 
presented cell adhesion, confirming the viability to use as biomaterial. This study presents a cheap alternative method 
to easily process biomaterials of improved workability.
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1. Introduction

Poly(ether ether ketone) (PEEK) has attracted interest 
in medicine. This polymer has been used in orthopedics, 
neurosurgery, and traumatology because of its favorable 
mechanical, chemical, and tribological properties[1]. The benefits 
of this material include excellent mechanical resistance, high 
biocompatibility, improved biological inertia, low friction 
coefficient, elastic modulus similar to bone, reusability, and 
resterilization[2,3]. However, its high processing temperature 
makes it difficult to be worked into shape.

Recently, research has been done to chemically modify 
PEEK with sulfuric acid (H2SO4) to improve its workability 
and processing. Studies were initially geared towards its use 
in fuel cells, which convert chemical energy to electrical 
energy[4]. However, more recently, it has been studied to be 
used as   biomaterials. Zhao et al.[5] studied sulfonated PEEK 
(SPEEK) applications in orthopedic implants. Kalambettu 
and Dharmalingam[6] studied the fabrication of SPEEK 
membranes incorporated with hydroxyapatite (HA), and 
Montero et al.[7] researched biofilms fabricated with SPEEK.

Although SPEEK is commonly applied in fuel cells and 
biomaterials, further studies for other possible applications 
are necessary[5], as it possesses some limitations. Some of 

these are its inability for direct bone apposition, which could 
result in poor osseointegration[8]; and a possible presence of 
acid residue, which makes it risky for medical applications[6].

SPEEK is a relevant   biomaterial in terms of medicine 
devices and scientific prospects because of its simple 
processing and requirement of ordinary equipment. It is also 
easy to be worked into shape and incorporated with drugs[7].

This paper focuses on a detailed evaluation of the influence 
of process parameters on the performance of a SPEEK/HA 
membrane. The chemical, thermal, and wetting properties 
of SPEEK/HA were evaluated. In addition, cell viability 
and adhesion were studied to be applied in biomaterials.

2. Materials and Methods

2.1 SPEEK/HA membranes preparation

Two grams of PEEK (Victrex USA Inc – Vicote 702) 
were dissolved in 50 mL of H2SO4 98% (VETEC Química 
Fina Ltda). The mixture was heated up to 50 °C and 
mechanically stirred for 3 h. After 1.5 h of stirring, 0.6 g of 
HA (Labsynth) was added (during stirring). After 4 days, 
the solution was poured on a plate and frozen at -80 °C. 
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 It was placed into a freeze drier for 24 h and allowed to 
stand for another 24 h before it was decanted to isolate the 
membrane. The product was then filtered, washed with 
distilled water until complete removal of H2SO4, and dried 
at 50 °C in an oven for 3 h.

2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out in a Perkin Elmer 
spectrophotometer (Spectrum 400), and the spectra were 
recorded in absorbance mode, to detect any chemical bonding 
at the SPEEK/HA membranes and to calculate the degree 
of sulfonation (DS). The DS of PEEK was calculated using 
the following Equation 1:

  1 
  %  1 00

SPEEK peak height
PEEK peak heightDS

 − = × 
  

 (1)

where the normalized SPEEK peak height (1484 cm-1) is 
compared with the PEEK peak height (1494 cm-1) to obtain 
the %DS. The PEEK sulfonation can be confirmed by the 
division of the aromatic C=C absorption band at 1494 cm-1 
and the appearance of a new band at 1484 cm-1. Therefore, 
it is necessary to measure the heights of the characteristic 
bands of both materials[4].

2.3 Thermogravimetric Analysis (TGA)

The thermal properties of SPEEK/HA membranes were 
examined using TGA. Thermal analysis was carried out in 
a nitrogen atmosphere between 25 °C (room temperature) 
and 600 °C at a heating rate and flow rate of 10 °C/min 
and 20 mL/min, respectively, using a TG 50H (Shimadzu) 
analyzer.

2.4 Wettability analysis

The wettability analysis was done by the static drop 
method. A contact angle goniometer (CERTBIO) was used 
to measure the contact angle of the membrane. Deionized 
water was used as the liquid. A total of three points of the 
contact angle was measured in each sample within 30 s 
after the drop.

2.5 Cytotoxicity study

The cytotoxicity analysis was performed according to 
ISO 10993-5: 2009 (Biological evaluation of medical devices 
-- Part 5: Tests for in vitro cytotoxicity)[9]. An L929 fibroblast 
cell line (ATCC NCTC clone 929) was grown in RPMI 
culture medium (RPMI 1640 Medium, Gibco - Invitrogen 
Corporation, Grad Island, USA) and was supplemented 
with 10% bovine fetal serum (Gibco, Life Technologies) 
and 1% antibiotic-antimycotic (Gibco, Life Technologies). 
These cells were preserved in CO2 incubators at 37 °C in 
5% atmosphere. The cell suspension (100 μL per well) was 
added to a 96-well plate at 1 × 105 cells/mL in the RPMI 1640 
culture medium. The plate was transferred to a CO2 oven 
(5%) at 37 °C and incubated for 24 h. The culture medium 
was aspirated from all wells, and then 170 μL RPMI 1640 
culture medium and 30 μL sample extract were added to 
each well. The plate was incubated again in a CO2 oven 
(5%) at 37 °C for 24 h. The culture medium was aspirated 

from all wells and 100 μL of MTT solution (1 mg/mL) was 
added. The plates were incubated again for 3 h in a CO2 oven 
(5%) at 37 °C. The supernatant was discarded and 100 μL 
of isopropyl alcohol was added per well. Optical density 
was read on a microplate reader (VictorX3 - PerkinElmer) 
at 570 nm with 650 nm reference filters. Cell viability was 
calculated as a percentage of the modified z-Score test for 
outliers detection. High density polyethylene (HDPE) and 
natural latex were used as a negative and positive control, 
respectively.

2.6 Cell adhesion

To evaluate the cell adhesion of the membrane, the 
samples were preserved in 70% ethanol for 24 h. They were 
then washed thrice in sterile PBS and dried at 40 °C for 24 h. 
They were placed into a 48-well tissue culture plate, and 
500 μL of OFCOL II cell suspension was added per well 
at 1 × 105 cells/mL in RPMI 1640 culture medium (RPMI 
1640 Medium, Gibco - Invitrogen Corporation, Grad Island, 
USA) supplemented with 10% bovine fetal serum (Gibco, 
Life Technologies) and 1% antibiotic-antimycotic (Gibco, 
Life Technologies). The plate was transferred to the CO2 
incubator (5%) at 37 °C and incubated for 7 days. After 
incubation, the culture medium was aspirated from all the 
wells and the samples were washed with PBS. The PBS was 
aspirated, and formaldehyde solution was added to each well 
at 10% for 10 min for cell attachment. The formaldehyde 
was removed and the samples were washed with PBS. 
The PBS was removed and the samples were dried at 
40 °C for 24 h. Cell adhesion was evaluated through the 
surfaces of the samples by scanning electron microscopy 
(SEM) (WORLD PHENOM - PRO-X 800-07334 model); 
the samples for which were coated with gold for better 
visualization.

2.7 Design of Experiment (DOE)

After defining and validating the methodology of other 
studies, this research chose DOE to study the influence of 
process parameters on SPEEK/HA membrane properties. 
The studied parameters (inputs) were PEEK sulfonation time, 
HA addition time, and freeze-drying time. Duplicates of a 
23 factorial design without center points were conducted, 
and Minitab 18 was used to analyze the results.

Table 1 shows the experimental planning matrix with 
minimum and maximum values   for each variable.

Table 2 shows the samples and input parameters, 
including the duplicates (E9 to E16). All experiments were 
performed randomly.

The output parameters to evaluate the experimental design 
were based on characterizations that could greatly influence 
the membrane properties of biomaterials. The characterizations 
are FTIR analysis, defined by %DS; TGA, defined by the 

Table 1. Experimental planning matrix.
Input Parameters Unit -1 +1

Freeze-drying time H 24 48
Sulfonation time H 2.0 3.0
HA addition time H 0.5 1.5
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weight loss during a change from 300 to 400 °C, which is 
due to the removal of sulfonic acid groups[7]; and wettability 
analysis, defined by the water contact angle. A higher %DS 
increases the wettability, which would facilitate workability 
of the membrane and osseointegration[10-12]. Table 3 presents 
the output parameters per characterization at experimental 
planning.

3. Results and Discussions

3.1 FTIR analysis

FTIR spectra of the membranes are shown in Figure 1 and 2. 
PEEK was used as the target material and reference for 
identifying functional groups.

The sulfonation of PEEK is confirmed by the division 
of the aromatic C=C absorption band at 1494 cm-1 and the 
appearance of a new band at 1484 cm-1. This peak was 
used to calculate %DS during DOE (Figure 1a). A sharp 
peak at 1024 cm−1 confirms the presence of a H2SO4 group, 
which is due to the S=O group in all samples and duplicates 
(Figure 1a). A peak at 3425 cm−1 confirms the presence of 
the OH group, which is bonded to an SO3H group. The peak 
intensities in all samples are different because of varied 
process parameters. The highest peak intensity corresponded 
to a higher degree of sulfonation, as observed in E8, E12, 
and E15 (Figure 1 and 2). Previous studies have reported 
similar bands[7,13,14].

A shift of the peak from 3447 cm−1 to 3425 cm−1 was 
observed for samples where HA was deposited on the 
SPEEK surface (Figure 1). The coordinate bond of the HA 
polar group and OH group of the SPEEK was weak as a 
result of the stretching of OH bonds[15], and this led to a 
low peak frequency.

3.2 TGA

TGA curves are shown in Figure 3 and 4. PEEK was 
used as the target material. SPEEK/HA membranes of all 
samples were thermally stable up to 350 °C and exhibited 
two distinct weight loss stages, depending on the process 

parameters used, as shown in Figure 3 and 4, whereas PEEK 
samples had one weight loss at 550 °C (Figure 3 and 4).

The mass loss at 100 °C is due to the removal of water 
molecules absorbed by the material. The first stage of thermal 
degradation of samples during a shift from 300 to 400 °C is 
due to the removal of SO3H. The second stage of thermal 
degradation ranging from 500 to 600 °C is due to polymer 
degradation. All these results are corroborated by literature[4,7].

In the final degradation stage around 550 °C, the samples 
approach a final mass at 600 °C, except samples E5 and E13, 
as seen in Figures 3 and 4; however this does not happen in 
the PEEK sample. Zaidi et al.[16] explained that when H2SO4 
(95-98%) is used for sulfonation, material degradation and 
crosslinking reactions are avoided.

TGA was used to estimate the weight loss of the samples 
on DOE by assuming that the first stage of thermal degradation 
is entirely caused by elimination of sulfonic acid groups.

3.3 DOE results

Table 4 presents the DOE results, outlining all samples 
and parameters. The mass loss of samples E5 and E13 could 
not be obtained probably because of reaction problems, such 
as problems at sulfonation reaction.

The main objective of DOE was to obtain the best 
combination of output parameters for optimum performance 
of the samples as biomaterials. The best combination was a 
high degree of sulfonation, high wettability, and higher mass 
loss at 350 °C. An increase in %DS facilitated the wettability 
of the materials, improving their workability as required for 
biomaterials; making them suitable for osseointegration[17].

Table 2. Sample identification per experiment.
Experiment Sample Freeze-drying time Sulfonation time HA addition time

1 E1 24 2 0.5
2 E2 48 2 0.5
3 E3 24 3 0.5
4 E4 48 3 0.5
5 E5 24 2 1.5
6 E6 48 2 1.5
7 E7 24 3 1.5
8 E8 48 3 1.5
9 E9 24 2 0.5
10 E10 48 2 0.5
11 E11 24 3 0.5
12 E12 48 3 0.5
13 E13 24 2 1.5
14 E14 48 2 1.5
15 E15 24 3 1.5
16 E16 48 3 1.5

Table 3. Output parameter per characterization.
Characterization Unit Output parameter
1 - FTIR % Degree of sulfonation (DS)

2 - Wettability Degree Water contact angle

3 - TGA % Weight loss - ranged from 
300 to 400 °C (removal of 
sulfonic acid groups)
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Figure 1. FTIR spectra of (a) PEEK, E1 to E4 samples; (b) PEEK, E9 to E12 duplicates.

Figure 2. FTIR spectra of (a) PEEK, E5 to E8 samples; (b) PEEK, E13 to E16 duplicates.
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Figure 3. TGA curves of (a) PEEK, E1 to E4 samples; (b) PEEK, E9 to E12 duplicates.

Figure 4. TGA Curves of (a) PEEK, E5 to E8 samples; (b) PEEK, E13 to E16 duplicates.
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Some samples had their best combination impaired, 
such as E1 and E14, all of them presented a higher %DS 
and a contact angle inconsistent, it was observed probably 
by acid residues. In future studies, it is important to detail 
the influence of acid residues.

Table 5 shows the Minitab optimization analysis. 
Considering the adjustments and confidence intervals, the 
best combination of input parameters to obtain the desired 
outputs were a freeze-drying time of 24 h, sulfonation time 
of 3 h, and HA addition time of 1.5 h. Samples E7 and E15 
had these combinations. Almasi et al.[13], Kalambettu and 
Dharmalingam[6], and Zhou and Lee[18] conducted a similar 
study with another combination. This is a novel research.

3.4 Cell viability

Considering the optimum result of E7/E15, the cell 
viability of the membrane was analyzed for use in biomaterials. 
Figure 5 shows the membrane cytotoxicity according to BS 
EN ISO 10993-5:2009—Tests for in vitro cytotoxicity[9]. Cell 
viability is specified when calculated values are   above 70%.

Cytocompatibility results of optimum samples toward the 
fibroblast-like L929 cells show an average cell viability of 
86%, which is not much higher than the specification (70%). 
This percentage is probably due to extensive agglomeration 
of the HA filler particles in SPEEK/HA membrane. Cells are 
known to be very sensitive to surface energy and chemistry[13]. 
Besides, it should be considered the adverse conditions to 
sulfonated PEEK at laboratory as well as the acid residues. 

In this way, the average cell viability shown satisfactory and 
contributes to their application as a biomaterial. But when 
it was studied these applications, it is important to detail 
the influence of acid residues.

3.5 Cell adhesion

Cell adhesion analysis was performed through SEM 
with a gold-metallized surface and results are shown in 
Figure 6. Figure 6a shows the structure of a SPEEK/HA 
membrane without cell adhesion. Cell adhesion can be 
observed in Figure 6b, where the SPEEK/HA membranes 
show a layer of coating, which is in agreement with the 
literature[5,6]. This confirms the possibility of their use as 
a biomaterial.

Table 4. DOE results correlating samples and output results.
Samples %DS Contact angle (degrees) % Mass loss at 350 °C

E1 83.96 32.25 11.51
E2 54.04 28.53 16.86
E3 62.88 29.51 7.77
E4 67.93 23.92 10.30
E5 49.96 28.41 -----
E6 61.60 31.97 12.64
E7 70.13 25.14 12.95
E8 66.12 24.71 10.71
E9 68.64 22.23 11.62
E10 48.70 27.64 15.68
E11 48.40 18.00 8.21
E12 47.83 26.05 7.05
E13 41.81 32.19 -----
E14 75.21 24.55 11.17
E15 61.78 24.03 10.93
E16 54.20 31.23 11.50

Table 5. Minitab optimization analysis.

Solution Freeze-drying 
time Sulfonation time HA addition 

time %DS Contact angle % Mass loss Compound 
desirability

1 -1 1 1 70.66 24.63 10.94 0.62
Output Adjustment Standard 

adjustment error
Confidence 
bounds 95%

%DS 70.66 8.03 (52.15; 89.18)
Contact angle 24.63 2.37 (19.17; 30.09)
%Mass loss 10.94 3.04 (3.93; 17.95)

Figure 5. Cell viability of L929 cell lines by MTT method.
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Figure 6. SEM micrographs of membranes (sample E7) (a) SPEEK/HA before cell adhesion; (b) SPEEK/HA after cell adhesion and 
gold metallization.

4. Conclusions

This study reported a process evaluation of SPEEK/HA 
membrane application as biomaterials. The chemical deposition 
technique used did not involve high temperatures, and the 
sulfonated structure improved wettability, cell adhesion, 
and growth. This technique of surface treatment is relatively 
cheap and easy to perform. Hence, this method can be 
adopted to modify PEEK membranes for better application 
as biomaterials.
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