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Natural and synthetic polymeric materials, particularly soft and hard tissue replacements,
are paramount in medicine. We prepared calcium-incorporated sulfonated polyether-ether
ketone (SPEEK) polymer membranes for bone applications. The bioactivity was higher af-
ter 21 days of immersion in simulated body fluid (SBF) due to calcium concentration in the
membrane. We present a new biomaterial healing system composed of calcium and sul-
fonated polyether ether ketone (Ca-SPEEK) that can function as a successful biomaterial
without causing inflammation when tested on bone marrow cells. The Ca-SPEEK exhibited
13 +− 0.5% clot with low fibrin mesh formation compared to 21 +− 0.5% in SPEEK. In ad-
dition, the Ca-SPEEK showed higher protein adsorption than SPEEK membranes. As an
inflammatory response, IL-1 and TNF-α in the case of Ca-SPEEK were lower than those for
SPEEK. We found an early regulation of IL-10 in the case of Ca-SPEEK at 6 h, which may
be attributed to the down-regulation of the inflammatory markers IL-1 and TNF-α. These
results evidence the innovative bioactivity of Ca-SPEEK with low inflammatory response,
opening venues for bone applications.

Introduction
Natural and synthetic polymeric materials have been used for soft and hard tissue replacements. These in-
clude chitosan, polyacrylate, polysiloxanes, polysulfone, polyether ether ketone (PEEK), ultrahigh molec-
ular weight polyethylene, polyurethane, polyamides, and polytetrafluoroethylene. PEEK is widely used
for load-bearing orthopedic applications, as it is biocompatible and possesses good mechanical proper-
ties [1–4]. Many reports suggest using hydroxyapatite as a filler to enhance its bioactivity. However, the
primary cause of concern while using hydroxyapatite is its brittle nature and difficulty in processing, mak-
ing it unsuitable for certain biomedical applications [5–8]. It is also noteworthy that PEEK cannot transfer
bone morphogenetic proteins when bones require them and is insoluble in most solvents. These character-
istics of PEEK are of major concern since they pose problems if the bone cement loosens up, causing fail-
ure of the implant [9]. This insolubility issue has driven the focus of researchers toward sulfonated PEEK
(SPEEK), which is soluble in several common solvents, thus making it possible to fabricate SPEEK-based
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composites in different forms such as fibers, films, and spheres. Many researchers have reported using SPEEK-based
biomaterials for drug delivery, vascular grafts, and soft tissue prostheses [10,11].

Several reports have provided evidence for the bioactivity of SPEEK in combination with hydroxyapatite. In ad-
dition, some studies have shown promising results in using surface-modified polymers for good bond formation
between the sulfonyl groups and hydroxyapatite [12,13]. These composites show enhanced bioactivity, which could
be instrumental in developing a bond between the prosthesis and the host bone. This aspect will address the con-
cerns regarding prosthesis failure occurring due to loss of bone cement (through wear) and other factors such as
wear and tear, fatigue, fracture of the material, and improper positioning of the implant [14]. Another major cause of
concern is the biocompatibility of the prosthetic material. Among the polymers evaluated for implant applications,
PEEK, PMMA, UHMWPE, and PEG were less reactive in the body’s environment. Although no synthetic material
can be completely biocompatible, it is possible to reduce the severity of the host response through suitable surface
modifications and the use of polymer blend [14,15].

Polymer composites for medical applications with blood-contacting surfaces need to be evaluated for hemocom-
patibility and protein adsorption. In vitro biocompatibility testing is done routinely using various techniques, mainly
designed based on the end-use of the polymers. Reports suggest that most hydrophobic polymers adsorb more serum
proteins than hydrophilic polymer [16]. Hemocompatibility studies aid in the prediction of host-tissue reactions to
foreign implant material. An essential factor is in vitro bioactivity. It evaluates the osteoinductive ability of the poly-
mer. It is based on the amount of apatite layer formed on the surface of the membrane after immersion in simulated
body fluid [17]. In the present study, we fabricated Ca-SPEEK from SPEEK and analyzed its bioactivity over 21 days.
To evaluate whether the material is suitable as a blood-contacting biomaterial, we investigated the hemocompatibil-
ity and protein adsorption of SPEEK and Ca-SPEEK. Bone marrow-derived macrophage cells were used to study the
inflammatory response of the polymer membranes.

Materials and methods
Medical-grade PEEK powder was procured from Victrex, England, U.K., while sulfuric acid and calcium hydroxide
were sourced from Merck, India. Other chemicals and solvents, such as N-Methyl Pyrrolidone (NMP), PBS, trypsin,
and those required for preparing SBF, were procured from SRL, India. The chemicals procured were used as received
from the manufacturer with no modifications.

The experiments involving mice for bone marrow cell isolation were performed according to the instructions and
guidelines issued by the University of Debrecen (DEMAB) Ethical Committee for animal care. Mice were bred under
specific pathogen-free conditions in the central animal facility of the University of Debrecen. Mice were anesthetized
with 2.5% isoflurane using a SomnoSuite device. The euthanasia was performed by the same Somnosuite device. Only
thing that we increased was the isoflurane concentration to 5%. The mice just died of respiratory failure. The exper-
iments were performed as per the animal experiment certificate number and Ethics Approval # 7/2016/DEMÁB at
University of Debrecen, Debrecen, Hungary. Ethics approval was also granted and hemocompatibility human exper-
iments were performed in accordance with the World Medical Association Declaration of Helsinki, and all subjects
provided written informed consent. A copy of this consent can be obtained from the senior author at the University
of Ottawa, Ottawa, Ontario, Canada. The blood samples used in the study were drawn from healthy individuals at
random with their consent. The materials were tested for clot studies on blood samples drawn from healthy volunteers
with their consent. There were no in vivo studies involving human or animal models reported in the present study.

Preparation of SPEEK membranes
As described in our previous work, PEEK was sulfonated using sulfuric acid [10,11]. Briefly, 3 g of dried PEEK were
dissolved in 45 ml of sulfuric acid and stirred continuously for 7 hours under a nitrogen atmosphere. The reaction
was then terminated using ice-cold water, and the degree of sulfonation obtained was 50%, as interpreted from the
1H NMR results reported in our previous study [18]. To remove the excess acid present from the precipitated SPEEK,
it was washed several times with deionized water until the pH reached 7.0 and then dried. After that, the SPEEK,
dissolved in NMP (2 g in 250 ml), was cast on a clean, dry petri dish, and the solvent was allowed to evaporate at
room temperature, resulting in the formation of a SPEEK membrane with a thickness of 0.8 mm. The membrane
was carefully separated from the Petri dish for further use. The sulfonation of PEEK using sulfuric acid is shown
schematically in Fig. S1.
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Preparation of calcium doped SPEEK membranes
The membrane was cut into 1 cm2 piece and immersed in a saturated calcium hydroxide (CaOH)2 solution at room
temperature for 24 h. Ca(OH)2 saturated solution was made by dissolving 0. 824 g of it in 1 L of water while con-
stantly stirring. The exothermic reaction was allowed to proceed for 3 h, after which the solution was filtered, and
the filtrate was used for the study. The membranes were retrieved and left to dry overnight, after which they were
characterized using Fourier-transform infrared spectroscopy (FTIR), which is a technique used to obtain an in-
frared spectrum of absorption or emission of a solid, liquid, or gas. FTIR was used to confirm the formation of the
calcium-sulfonic (SO3H) group bond. FTIR analysis was conducted on the dried membrane using a Perkin Elmer
Spectrum RXI IR spectrophotometer at 25 +− 2◦C. Initially, the sample to be tested was dried at 100◦C for an hour.
The spectra were recorded to identify the presence of sulfonic groups in SPEECH. The schematic representation of
calcium-incorporated SPEEK is shown in the Supplementary Materials (S1). Next, the prepared samples were ana-
lyzed using an optical polarising microscope (OPM) (Labomed, LX-400) for surface changes on the SPEEK membrane
(S2 in Supplementary Materials). Finally, the membranes were used for further studies.

Determination of swelling
The water absorption property of the membranes was evaluated by soaking the pre-weighed dried membranes (of
size 1 cm2) in deionized water for 24 h. The membranes were retrieved, and the excess water was removed from the
membrane surface using blotting paper. The wet weight of the samples was weighed accurately. The water uptake of the
membrane determines its suitability and application. The incorporation of hydrophilic groups or functionalization
and the addition of fillers can modify this property. The percentage of swelling was calculated using the following
formula:

% Water absorption = Weight of wet polymer
Weight of dry polymer

∗ 100

Bioactivity
For the bioactivity study, simulated body fluid (SBF) was prepared in the lab as per our previous studies [10,11] and
the procedure described by Ayako Oyane et al. [19]. To evaluate the bioactivity, SPEEK, and Ca-SPEEK membranes
were immersed in SBF for varying periods (0, 7, 14, and 21 days) to analyze the apatite growth formation. We used
a SEC high-resolution scanning electron microscope (Model No.: SNE-4500M Plus(B)) and a Bruker XFlash® 600
Mini silicon drift detector to confirm apatite growth or bioactivity on the membrane surface.

Hemocompatibility studies
The hemocompatibility studies were carried out by immersing membranes of size 0.5 mm2into the blood samples.
The procedure was described in one of our previous studies. In this study, the protocol described in our early study was
followed [2], with the HITACHI S-3400N Scanning Electron Microscope (SEM) used to examine the immersed mem-
brane for detailed fibrin formation. In addition, the weight of the blood clot formed against SPEEK and Ca-SPEEK
was measured.

Protein adsorption
For the protein adsorption test, 1.2 g of trypsin were dissolved in 100 ml of PBS with a pH of 7.6. The prepared
membrane samples of SPEEK and Ca-SPEEK were immersed in the trypsin solution for 24 h. Protein adsorption was
determined using the PerkinElmer Spectrum RXI IR spectrophotometer, SEC High-Resolution Scanning Electron
Microscope (Model No. SNE-4500M Plus (B)), and Bruker XFlash® 600 Mini silicon drift detector [20].

Inflammatory response
When introduced in vivo, the polymer membrane could elicit an inflammatory reaction; hence, we used mice’s bone
marrow-derived (BMDMSs) macrophage cells to study this aspect. The methodology used for the study was adapted
from our previous study [21]. With an approximate weight of 25 g, mice were sacrificed and purified using ethanol
femurs to avoid disinfection. After purification, the bone marrow was harvested, and the cells were allowed to dif-
ferentiate for five days in T75 flasks for further studies. The membranes (SPEEK and Ca-SPEEK) were placed in the
wells of a 6-well plate and studied for 6 and 24 h to see how they affected the regulation of inflammatory markers like
IL-1, IL-10, and TNF-α. In addition, a microscopic evaluation was used to identify the morphological changes associ-
ated with incorporating these membranes into the cell lines. Bone marrow-derived macrophage cells (BMDMS) were
seeded on to two 6-well plates at 2 × 105 cells/well density in Dulbecco’s Modified Eagle Medium (DMEM) and 10%
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FBS and incubated for 24 h. IL-1, IL-10, and TNF-α were measured to assess the inflammatory response using qPCR
in BMDMS cells after 6 and 24 h of membrane treatment [21]. Catalog numbers of the TaqMan assays (ThermoFisher
Scientific) used were the following: Tnf Mm00443258 m1, IL1B Mm00434228 m1, IL10Mm01288386 m1, and Actb
Mm02619580 g1. The experiments throughout the study were carried out in triplicate, and the results were plotted
using Origin Pro software version 8 (OriginLab, Northampton, MA, U.S.A.).

Statistics
All data presented represent the result of at least three independent experiments, and all data are presented as mean +−
SD. Statistical analysis was performed using a two-tailed, unpaired Student’s t-test. The equal variance of the sample
groups was tested by F-test. * denotes P<0.05.

Results
Bioactivity
SEM was used to examine apatite formation on prepared SPEEK and Ca-SPEEK membrane samples after immersion
in SBF solution. Figure 1 shows the SEM images of SPEEK retrieved from SBF after 0, 7, 14, and 21 days of immersion.
The SEM images in Figure 1A–D show that the SPEEK surface before and after immersion in SBF exhibited no apatite
formation in all four cases. The roughness of the membrane was observed to be increasing slightly, which might be
due to the attraction of the ions in the SBF solution. The Ca-incorporated SPEEK membrane also displayed similar
findings during the 0th day, as shown in Figure 1E. However, after immersion of the membranes in SBF for 7 days,
SPEEK exhibited less dense or no apatite formation when compared with that of Ca-SPEEK-based membranes (Figure
1F). It had dense apatite formation on its surface. It was observed that the growth of apatite increased over time on both
Ca-SPEEK (Figure 1G,H) and SPEEK membranes. The water uptake of these membranes was given in Supplementary
Table S1.

Additionally, X-ray diffraction (XRD) patterns of SPEEK and Ca-SPEEK after the 0 and 21 days of immersion
in SBF were studied (Figure 2), wherein the 0th day was considered the control sample. From Figure 2, intensities
with several diffraction maxima corresponding to the apatite-like phase (ASTM JCPDS 9-432) were observed. It
was clearly seen that the sulfonation and surface modification with Ca had increased the nucleation sites, which
translated into enhanced bioactivity (ASTM JCPDS 21-816). Figure 2 shows the XRD spectra of SPEEK, Ca-SPEEK,
and their diffraction patterns after immersion in SBF for 0 and 21 days, wherein the 0th day was considered the
control sample. Figure 2D shows the characteristic peaks of amorphous SPEEK material. In addition, Figure 2B–D
shows the crystalline diffraction peaks of apatite around 26◦, 29.5◦, and 32◦, corresponding to the (002), (211), and
(300) planes, respectively. From Figure 2, it was observed that after immersion in SBF for 21 days, both SPEEK and
Ca- SPEEK exhibited a dramatic increase in their diffraction intensities with a broadening of peaks, which may be
attributed to the formation of more apatite over the SPEEK, which was also evident from SEM analysis. Thus, it is
clearly seen that the sulfonation and surface modification with Ca2+ have facilitated the nucleation sites, as a result of
which the bioactivity has been enhanced.

It was evident that the involvement of the SO3H group when combined with Ca improved the efficiency of apatite
formation. The intensities were comparatively higher in the case of Ca-SPEEK compared with the typical SPEEK
models on the 21st day. This was further supported by the SEM results [12]. The results of the energy-dispersive X-ray
spectroscopy (EDS) analysis in Figures 3 and 4 show that the presence of the PO4 group was observed with samples
immersed in Ca-incorporation, whereas the same was not the case with the SPEEK alone. The EDS spectra of the
as-prepared SPEEK and Ca-SPEEK membranes do not indicate the formation of apatite, as shown in Supplementary
Figures S3 and S4.

In order to evaluate the mechanical property of the material, tensile strength was evaluated. The results show that
the incorporation of Ca-SPEEK has increased the tensile property of the membrane, which may be attributed to the
incorporation of Ca2+ into the SPEEK. Moreover, the addition of Ca2+ might enhance the hydrophilic property, which
in turn might have improved the elasticity of the membrane, resulting in improved tensile strength (Supplementary
Figure S5).

Hemocompatibility assay
The first response for a biomaterial upon contact with blood is the adsorption of proteins onto its surface and contact
with blood is the adsorption of proteins on to its surface, which is why it is essential to evaluate the hemocompatibility
of the material used. Initially, these adsorbed proteins activate the platelets, which causes thrombus formation. The
platelet adhesion and formation of a fibrin network in SPEEK were comparatively higher than in Ca-SPEEK when the
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Figure 1. Scanning Electron Microscopy (SEM) images of the mebranes before and after immersion in simulated body fluid

(SBF) solution

SEM images correspond to the membranes before and after immersion in SBF solution, where (A) SPEEK membrane before im-

mersion in SBF solution, (B) SPEEK membrane after 7th day of immersion in SBF showing the start of apatite formation, (C) SPEEK

membrane after 14th day of immersion in SBF shows the extension of apatite growth, (D) SPEEK after 21st day of immersion in

SBF indicating the apatite growth, (E) Ca-SPEEK (0 days in SBF), (F) Ca-SPEEK after 7th day of immersion in SBF clearly indicates

the high amount of apatite growth compared with SPEEK membrane due to the addition of Ca, (G) Ca-SPEEK after 14 days of

immersion in SBF and (H) Ca-SPEEK after 21 days of immersion in SBF showed apatite deposition on the membrane; this rate of

transformation was ascertained to be due to the presence of Ca, which was absent in the SPEEK membrane.
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Figure 2. X-ray diffraction (XRD) spectra of sulfonated poly-ether-ether ketone (SPEEK) and Ca-SPEEK at different times

XRD spectra of (A) SPEEK, (B) Ca-SPEEK immersed in SBF during 0 days, (C) SPEEK and (D) Ca-SPEEK after immersion in SBF

after 21 days (see text).

Table 1 Percentage of clot measured quantitatively after immersion of membranes in blood

Sample Weight of blood clot (%)

SPEEK 21 +− 0.5 *

Ca-SPEEK 13 +− 0.5

Significantly higher than Ca-SPEEK (P<0.05, unpaired Student’s t-test).
The table shows the percentage of clot measured quantitatively after immersion of membranes in blood. The results of the study show that the weight
of the blood clot formed in the case of SPEEK was significantly higher when calcium was bound to the membrane. The Ca-SPEEK exhibited 13 +− 0.5%
clot with low fibrin mesh formation compared with 21 +− 0.5% in SPEEK (P<0.05, unpaired Student’s t-test) (see text and Figure 5).

SPEEK and Ca-SPEEK materials were tested for blood compatibility using SEM (Figure 5A,B). From Figure 5A,B, it
can be inferred that the formation of 3D fibrin mesh is required for blood coagulation. Fibrin meshes, an essential fac-
tor for blood clots, increase platelet aggregation (as shown in Figure 5A) in the case of SPEEK membranes [22–24]. In
contrast, fibrin meshes were absent in the case of Ca-SPEEK membranes, which could be attributed to the interaction
of calcium and sulphonyl groups that mask the effect of both calcium and SPEEK in inducing the blood clot.

Similarly, based on the adsorbed weight of the blood clot, the compatibility of the material synthesized was studied,
and the results of the study showed that the weight of the blood clot formed in the case of SPEEK was significantly
higher when calcium was bound to the membrane (Table 1).

Protein adsorption
The adsorption of protein on the surface of membranes was studied using FTIR spectra before and after protein
adsorption. The FTIR spectra are shown in Figure 6A,B, which display the SPEEK membrane spectra, and Figure
6C,D shows the spectra of Ca-SPEEK before and after protein adsorption. The broadband observed in the high energy
region at 3400 cm−1 was due to the OH group in sulfonic acid (SO3H), confirming the sulfonation of PEEK. The
appearance of characteristic solid peaks at 1255, 1080, and 1020 cm−1 were assigned to the symmetric and asymmetric
O=S=O stretching vibrations, confirming that the polymer PEEK was sulfonated. The peak at 1690 cm−1 indicates
the presence of C–O stretching. The peak observed at 1255 cm−1 in Figure 6D indicated that the peak for O=S=O
had shifted to a lower frequency due to Ca2+ and SO3− interaction. The degree of sulfonation was in line with our
earlier studies and confirmed through 1H NMR 18. The peaks seen in the region of 3914 cm−1 in Figure 6B,D are
characteristic of N–H stretching.

6 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. Energy-dispersive X-ray spectroscopy (EDS) of SPEEK immersed in SBF

EDS reveals (A) spectra and (B) mapping of SPEEK immersed in SBF after 21 days of immersion in SBF (see text).

The relatively more intense peak observed in Figure 6B than in (D) showed that Ca-SPEEK membranes adsorbed
less protein than SPEEK membranes. The change in the peak was caused by the effect of Ca(OH)2 treatment on
the polymer specimens’ protein adsorption characteristics. The decrease in protein adsorption in Ca-SPEEK can be
attributed to an increase in membrane hydrophilicity after Ca(OH)2 treatment. It has been reported that hydrophobic
materials adsorb more protein than hydrophilic polymer surfaces [20–27,29].

In addition, Figure 7 shows the EDX spectra of Ca-SPEEK membrane samples immersed in trypsin solution. The
spectra showed the weight percentage of nitrogen in both the treated and untreated samples was nearly equal (6.03%
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Figure 4. Energy-dispersive X-ray spectroscopy (EDS) of Ca-SPEEK immersed in SBF

EDS reveals (A) Spectra and (B) Mapping of Ca-SPEEK immersed in SBF after 21st day of immersion in SBF.

8 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 5. Scanning Electron Microscopy (SEM) of SPEEK and Ca-SPEEK in contact with blood

In this figure are depicted the (A) SEM images of SPEEK and (B) Ca-SPEEK after treatment with blood. It shows fibrin meshes

and protein adsorption (orange arrows) on both the polymer membranes wherein fibrin meshes are seen in the case of SPEEK,

indicating the formation of clot, which is absent in Ca-SPEEK.

Figure 6. Fourier-transform infrared spectroscopy (FTIR) of SPEEK and Ca-SPEEK before and after protein adsorption

FTIR spectrum of (A,B) SPEEK before and after protein adsorption. (C,D) Ca-SPEEK before and after protein adsorption. FTIR is a

technique used to obtain an infrared spectrum of absorption or emission of a solid, liquid, or gas (see text).

for Ca-SPEEK and 6.63% for SPEEK), indicating that SPEEK adsorbed slightly more protein. The calcium and phos-
phate groups were found to be in higher percentages in the case of Ca-SPEEK membranes than those in SPEEK.

Inflammatory response
Generally, when a particle or any material interacts with cells, it is usually accompanied by a change in cellular mor-
phology, the release of cytokines, and other immunogenic responses. Hence, cellular morphology and cytokine re-
lease become essential in evaluating the inflammatory response. However, the morphological impact of Ca-Speak
on BMDMS before and after treatment showed no morphological change, suggesting that our composite membrane
did not affect the morphology of cells when used (Figure 8A,B). Furthermore, the results were in pair with our in-

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 7. Energy-dispersive X-ray spectroscopy (EDS) of Ca-SPEEK in Trypsin

This figure depicts the EDS (A) Spectra and (B) Mapping of Ca-SPEEK immersed in trypsin solution (see text).

flammatory response study, which showed that the up-regulation of cytokine markers was lower in both SPEEK and
Ca-SPEEK compared with that of the control group.

10 © 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 8. Cell morphology and cytokine profiles of BMDMS

This figure shows the BMDMS cells morphology (A) before and (B) after treatment with Ca-SPEEK membrane and (C,D) gene

expression of cytokine markers, including IL-1, IL-10, and TNF-α of SPEEK after 6 and 24 h, respectively (* denotes P<0.05,

unpaired Student’s t-test). BMDMS refers to macrophage cells that are generated in a laboratory from mammalian bone marrow

cells. BMDMs can differentiate into mature cells (macrophages) in the presence of growth factors and other signaling molecules

(see text).

Discussion
The increase in density of apatite formation in Ca-SPEEK membranes compared with SPEEK was due to calcium
on the surface of the membrane. Indeed, it induces faster nucleation and growth of apatite crystals over a larger
surface area. The bioactivity observed with the SPEEK-based membranes in this study was similar to that observed
in previous studies [11]. While Aravind et al. (2010) reported that SPEEK membranes only showed bioactivity when
hydroxyapatite was added, incorporating Ca-induced dense apatite formation is critical [11]. The water uptake results
complemented the bioactivity results with increased apatite formation. An important finding was that the weight
of the blood clot was low for Ca-SPEEK, although reports show calcium as a powerful clotting agent. The lower
levels of the blood clots were attributed to the formation of the calcium-sulfonic (SO3H) bond, which could be a
possible reason for the reduction in blood clots due to calcium. During the coagulation of blood, calcium, being a
coagulation factor, helps bind these proteins and factors to the phospholipids, thereby aiding blood coagulation. It is
also possible that the sulfonate salt formed between the SPEEK and Ca is responsible for the anti-coagulation effect,
as some sulfonate salts are widely used anti-coagulants [25,26]. Calcium is known to enhance fibrin aggregation by
binding covalently with fibrin polymers [27]. However, in the present study, calcium is not available as a free element

© 2024 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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to bind with the fibrin polymers. Hence, the effect of calcium in promoting coagulation is negated due to the binding
of calcium with the sulfonic groups of SPEEK. Moreover, Ca-SPEEK displayed an increase in the hydrophilicity of the
membranes, as given in Table S1 [28], which could contribute to the observed anti-coagulant effect. Despite having
some evidence of sulfonate salts being used as anti-coagulants, the exact mechanism behind the anti-coagulation in
our study is unclear. Nevertheless, this finding is significant as it implies that calcium binding to SPEEK membranes
shows a considerable improvement in hemocompatibility compared to normal SPEEK membranes.

As expected, pro- and anti-inflammatory cytokines, IL-1, TNF-α, and IL-10, were moderately up-regulated in
BMDMs by SPEEK and Ca-SPEEK compared with untreated cells (Figure 8C,D), as is typical when foreign mate-
rial is introduced into the cellular environment. Incubation of BMDMs for 6 h with the membranes induced a slight
up-regulation of IL-1 and TNF-α, but there was no difference between the SPEEK and Ca-SPEEK treatments. In
contrast, there was a significantly increased expression of the anti-inflammatory IL-10 in the case of Ca-SPEEK com-
pared with the SPEEK group (Figure 8C). Following 24-h incubation, the IL-10 expression significantly decreased
compared with the 6-h level in the case of the Ca-SPEEK-treated cells, while its expression increased significantly in
the SPEEK-treated BMDMS compared with the 6-h samples. TNF-α expression was also markedly lower in BMDMs
treated with Ca-SPEEK for 24 h compared with SPEEK-treated cells (Figure 8D). These results indicate Ca-SPEEK
induces an early anti-inflammatory response in the BMDMs, which might contribute to the lower TNF-α production
observed in the 24-h Ca-SPEEK-treated cells as compared with the 24-h SPEEK group. The study results reported
by researchers involved SPEEK-based membranes tested on rabbit models for inflammation. This could be consid-
ered supporting evidence for SPEEK compatibility, though it is not the focus of our current study [30]. In the case
of Ca-SPEEK, the up-regulation of IL-10 after 6 h was almost double when compared with the control group, which
was reduced after 24 h (Figure 8D). The early regulation of IL-10 in the case of Ca-SPEEK may be attributed to the
downregulation of the inflammatory markers IL-1 and TNF-α at 24 h. In addition, the upregulation of IL-10 shows
that Ca-SPEEK has a faster inflammatory program than SPEEK. However, several genes may be involved in regulating
the increased expression of IL-10, which is beyond the scope of our current study [31].

In addition, the ROS assay results (Supplementary Figure S3) of the Ca-SPEEK showed that the material does not
induce any stress to the cells, thereby being in line with the inflammatory studies. It is also a worthy observation that
the other two cytokine expressions were comparatively similar to that of SPEEK and slightly higher than the control,
which may be negligible since the up-regulation was reduced after 24 h of incubation, as shown in Figure 8D. The reg-
ulation of these pro-inflammatory cytokines was lower in Ca-SPEEK compared to SPEEK due to the incorporation
of Ca into the SPEEK membrane. This hypothesis of reduced inflammation after 24 h in Ca-incorporated SPEEK
is similar to the one observed by DeSousa et al. in 2016, wherein, again, the study analysis is beyond the scope of
this study. The study does show, however, that the expression of ICAM-1 by endothelial cells decreases with calcium
incorporation and thus acts as an anti-inflammatory response, which may be the reason for a lower level of cytokine
expression in Ca-SPEEK compared to SPEEK after 24 h in BMDMS macrophages (Figure 8D) [32–34]. Wei et al.
(2019) have reported that the SPEEK, due to its porous surface, lowered the TNF-α concentrations to dramatically
lower levels and enhanced the concentration of IL-10. In addition, their study revealed enhanced differentiation of M2
macrophages. On the other hand, the un-sulphonated PEEK significantly increased the inflammatory response medi-
ated by M1 macrophages. Moreover, in vivo, their studies proved that the sulphonation of PEEK will have a significant
anti-inflammatory role, which is in line with our studies. Another study by Buck et al. (2021) showed that the COOH
modification of PEEK has significantly reduced inflammation after 3 days of implantation by down-regulating most
of the proinflammatory markers [35–36]. It may hence be noted that, our results on anti-inflammatory and hemo-
compatibility studies of surface modified SPEEK and Ca-SPEEK were comparable and similar to those observed by
the other researchers. However, in addition to the above findings, the authors opine that further research including
MTT assay on osteoblasts and mouse fibroblasts as well as activated macrophages may be warranted to further sub-
stantiate the above discussed findings on SPEEK and Ca-SPEEK membranes. Consequently, in the present scenario,
Ca incorporation into SPEEK membranes proved to be an alternative to SPEEK to enhance the bioactivity, reduce
inflammation, and make it a compatible material when applied in vivo.

Conclusion
In the present study, we successfully synthesized and fabricated SPEEK, which was modified by incorporating
Ca(OH)2 solution to form Ca-SPEEK. The in vitro bioactivity studies revealed that Ca in the Ca-SPEEK membranes
positively influences the nucleation size and the number of hydroxyapatite crystals. Furthermore, the prepared mem-
branes showed higher protein adsorption and lesser fibrin mesh formation than SPEEK membranes, exhibiting their
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effectiveness as a blood-compatible biomaterial. Incorporating calcium into the membrane modifies its surface prop-
erty by increasing its hydrophilicity. It may enhance their bioactivity and lead to higher protein adsorption. The al-
tered surface energy may also be responsible for the difference in protein adsorption and hemocompatibility between
SPEEK and Ca-SPEEK [25]. This implies that we get enhanced bioactivity upon increasing the calcium content in the
membranes, which makes it favorable for application as a blood-contacting material. Similarly, the inflammatory re-
sponse of Ca-SPEEK in bone marrow-derived macrophage cells from mice showed a lower number of inflammatory
markers than SPEEK. Therefore, Ca-SPEEK membranes appear promising for application in orthopedics because of
their enhanced bioactivity, hemocompatibility, and inflammatory response. In addition, it might open doors for more
applications in vivo.
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