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Chemically heparinized PEEK via a green method to
immobilize bone morphogenetic protein-2 (BMP-2)
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i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 1866

MeeiChyn Goh,? Kiyoon Min, &2 Young Ha Kim® and Giyoong Tae (& *2

Osseointegration remains one of the major challenges in the success of bone-related implants. Recently,
polyetheretherketone (PEEK) has emerged as an alternative material in orthopedic and dental
applications due to its bone-mimicking mechanical properties. However, its bioinertness resulting in
poor osseointegration has limited its potential application. So, the surface modification of PEEK with
bone morphogenetic protein-2 (BMP-2) can be a potential approach for improving osseointegration. In
this study, we proposed the chemical modification of heparin onto PEEK through an environmentally
benign method to exploit the BMP-2 binding affinity of heparin. The heparin was successfully
functionalized on the PEEK surface via a combination of ozone and UV treatment without using organic
solvents or chemicals. Furthermore, BMP-2 was efficiently immobilized on PEEK and exhibited
a sustained release of BMP-2 compared to the pristine PEEK with enhancement of bioactivity in terms of

proliferation as well as osteogenic differentiation of MG-63. The significant synergistic effect of BMP-2
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a relatively safe method where no harsh chemical reagent or organic solvent was involved in the process
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1. Introduction

Polyetheretherketone (PEEK), a synthetic semi-crystalline linear
polyaromatic thermoplastic, has attracted great attention as
a promising alternative biomedical implant to titanium and its
alloys, especially in orthopedic and dental devices."” PEEK
possesses numerous superior characteristics over metallic
implants, including the absence of a metal allergy, good
biocompatibility, satisfactory mechanical properties, radiolu-
cency, good chemical stability, and sterilization resistance.>*
One of the most important characteristics of PEEK is its closely
matched elastic modulus with that of natural human bone,
which can alleviate the impact of stress shielding.>® However,
PEEK has a low surface energy owing to its relatively hydro-
phobic surface, which limits cellular adhesion.”® This inherent
bio-inert nature of PEEK results in inferior osseointegration,
thus its clinical applications as orthopedic and dental implants
are severely hampered. It is known that surface characteristics,
including both physical and chemical properties, are crucial
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platform for osseointegration improvement of PEEK-based bone implants.

factors in cell responses.>* By altering the surface characteris-
tics of PEEK, its osseointegration capability may be improved.
Over the past few years, numerous strategies have been applied
to alter the surface characteristics of PEEK to enhance its
osteogenic activity and bone-implant integration. By deposi-
tion, metals,""** ceramics,'*"* peptides,'>'” or proteins'*'® have
been coated on the surface of PEEK to enhance cell adhesion,
osteogenesis, and bone-implant integration of stem cells and
osteoblast cells.

Delivery of an osteoinductive agent, such as bone morpho-
genetic protein-2 (BMP-2), is one of the promising approaches
for improving the osseointegration of implants through osteo-
genic differentiation of osteoblast progenitors or stem cells,*
due to its high osteoinductivity.”® A high initial dose and
repeated administration of high-cost BMP-2 are necessary to
achieve its biological activity and maintain its effective
concentration because of its short half-life, rapid degradation,
and fast clearance in vivo.”> However, the most concerning issue
in BMP-2 therapy is the adverse effects of BMP-2 at a supra-
physiological concentration, such as bone overgrowth and
adverse immune responses.**** Therefore, strategies to provide
controlled release of BMP-2 for effective delivery have been
pursued.

Heparin-grafting has been widely applied for this purpose
because heparin has high binding affinities to various growth
factors, such as basic fibroblast growth factor (bFGF),
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hepatocyte growth factor (HGF), and vascular endothelial
growth factor (VEGF),>* as well as a protective effect against
degradation and fast clearance in vivo.”® There are a lot of
studies showing the improvement of osteogenic activity and
bone-implant integration by the controlled release of BMP-2
through heparin-grafted or immobilized materials.*>*°
However, there has been no heparin grafting or immobilization
on PEEK for delivering BMP-2 and improving the osteogenic
properties of PEEK. Several attempts have been made to
immobilize BMP-2 on the surface of PEEK to enhance implant
osseointegration and induce osteogenic differentiation of
osteoblasts. However, prior studies that introduced BMP-2 on
PEEK surfaces were limited to physical adsorption due to the
challenging chemical modification of PEEK.** Furthermore,
PEEK is inherently hydrophobic, necessitating surface modifi-
cation for BMP-2 immobilization. Some studies coated PEEK
implants with collagen or polyelectrolyte multilayers to create
hydrophilic surfaces.’®* In the case of chemical modification,
sulfonated PEEK and TiO,-deposited PEEK needed harsh
chemicals during the surface modification despite enhanced
BMP-2 adsorption resultantly.**> On the other hand, heparin
modification on PEEK has been reported for other purposes.
For instance, the surface of PEEK was physically immobilized
using a cationic 2-methacryloyloxyethyl trimethylammonium
chloride to prolong blood coagulation®® or chemically engrafted
with heparin via EDC/NHS chemistry after amine functionali-
zation for characterizing heparinized PEEK, but without
loading BMP-2 or conducting osteogenic studies.**

In our previous studies, we developed bioactive thiolated
heparin-based hydrogel systems that showed controlled release
of growth factors, such as BMP-2, to regenerate fibrocartilage,*
epidermal growth factor (EGF) to accelerate wound healing,* as
well as multiple growth factors (bFGF, EGF, and HGF) to
promote the hepatic differentiation of human-derived adipose
stem cells.” Thus, we aimed to graft thiolated heparin onto the
PEEK surface to provide a hydrophilic surface following BMP-2
immobilization to improve the osteogenic activity of pre-
osteoblasts. The surface modification through thiol-ol reac-
tion using UV and ozonation and following characteristic
changes were analyzed. Then, the immobilization and
controlled release of BMP-2 on heparinized PEEK were investi-
gated. The bioactivity of loaded BMP-2 on heparinized PEEK
was evaluated using osteogenesis-induced pre-osteoblasts.

2. Experimental

2.1. Materials and instrumentation

Thiolated heparin synthesized using a modification of our
previous report®” (in ESIT) was grafted onto the ozonized PEEK
surface (in ESIf) with the assistance of UV light irradiation.
Briefly, the PEEK sheet after ozone treatment for 60 min was
immediately immersed in a 1 wt% aqueous Hep-cySH solution
for 15 min and taken out for drying at RT for ~20 min, followed
by gently blowing the surface with compressor air. Then, the
sheet was irradiated with 365 nm UV light using an OmniCure
series 1000 light source (EXFO, Vanier, Quebec, Canada) for
10 min in the presence of air, with a 12 cm distance between the
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sample and the UV probe. Following UV irradiation, the sheet
was washed thoroughly with surfactant-containing distilled
water, followed by distilled water for 24 h. After the washing
process, the PEEK sheet was dried using compressed air and
stored in an argon gas-purged container for further experi-
ments. The amount of grafted heparin on the PEEK sheet was
determined by the TBO assay (in ESI{).*®

2.2. In vitro BMP-2 loading and release study

Recombinant Human/Murine/Rat BMP-2 (BMP-2) was loaded
on the PEEK sheet (0.5 cm x 0.5 cm) by physical adsorption at
4 °C. Briefly, 50 ng/20 pL BMP-2 solution was dropped on PEEK
and hPEEK sheets and incubated for 18 h at 4 °C. After incu-
bation, the concentration of BMP-2 in the drop solution was
measured by Human/Murine/Rat BMP-2 Standard ABTS ELISA
Development Kit. The amount of immobilized BMP-2 on the
PEEK sheet was calculated as a difference in the amounts of
BMP-2 in the original solution and the final solution. To
investigate the release kinetics of BMP-2, the sheets were
incubated at 37 °C in PBS containing 0.1% BSA and 0.01%
sodium azide for predetermined time points. The released
amount of BMP-2 was measured using ELISA.

2.3. Invitro studies

MG-63 cells from Korea Cell Line Bank (Seoul, Korea) were used
to confirm the biocompatibility of pristine PEEK and surface-
modified PEEK. With BMP-2 loading, cell proliferation, alka-
line phosphatase activity, and mineralization of MG-63 cells on
them were also characterized. Cells were cultured in Dulbecco's
modified eagle’'s medium (DMEM) supplement with 10% FBS
and 1% antibiotics-antimycotics before detaching for experi-
ments. For all in vitro cellular response experiments, PEEK
sheets were sterilized with 70% ethanol and rinsed with steril-
ized deionized water before use. The dimension of the PEEK
sheet was 0.5 cm x 0.5 cm.

2.3.1. Alkaline phosphatase (ALP) activity assay. The cell
seeding and culturing procedures were identical to the proce-
dures for cell proliferation. After 7 and 14 days of culture, sheets
were rinsed with PBS and 0.9% NaCl and then cells were lysed
with 1% Triton-X in deionized water. The ALP activity of the MG-
63 cells on sheets was then determined using LabAssay ALP,
according to the manufacturer's instructions by determining
the extent of conversion from p-nitrophenyl phosphate diso-
dium to p-nitrophenol at 37 °C by using a microplate reader to
measure the optical absorbance at 405 nm. The Micro Bicin-
choninic acid (BCA) method was used to determine the total
protein content in the same sample. ALP activity relative to the
amount of total protein in the sample was calculated.

2.3.2. Mineralization of MG-63 cells. The cell seeding and
culturing procedures were identical to the procedures for cell
proliferation. After 14 days of culture, the samples were washed
3 times with PBS and fixed with 10% formalin for 20 min, and
carefully aspirated with deionized water. The samples were then
stained with 1% Alizarin red s solution for 30 min at room
temperature. After this, the samples were washed with distilled
water several times. For the semi-quantification of Alizarin red s
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staining, stained cells were de-stained with 10% cetylpyr-
idinium chloride and measured at 562 nm wavelength by
a microplate reader.

2.4. Statistical analysis

Data were expressed as mean =+ standard deviation. Data were
statistically analyzed by using Student's t-test. The differences
were considered significant when p < 0.05.

3. Results and discussion

3.1. Grafting Hep-cySH to PEEK for preparing hPEEK

In this study, thiolated heparin was prepared using r-cysteine,
a natural amino acid, instead of cysteamine that we previously
reported (Fig. 1). So, thiolated heparin was composed of only
natural materials present in human. r-Cysteine has been used
in pharmaceuticals, medicines, and nutraceuticals,* and
heparin has been used as an anticoagulant drug. Thus, the
degraded products of thiolated heparin in vivo are not likely to
cause biocompatibility issues. The replacement of cysteamine
with r-cysteine did not change significantly the thiolation
reaction of heparin. The degree of thiolation could be
controlled from ~10 to ~40% by the amount of EDC/HOBt
relative to the carboxyl group of heparin. The 'H-NMR peak of
thiol groups appeared at ~1.2 ppm (Fig. S1t), demonstrating
the successful conjugation of cysteine, in addition to the
calculation of the degree of substitution using an Ellman's
assay. Previously, it was reported that ~40% thiolation did not
affect significantly the binding affinity of heparin to heparin-
binding molecules in contrast to the significant loss in antico-
agulant activity of heparin.** Considering the purpose of
heparin grafting to PEEK and the obvious advantage of a higher
thiol density for better grafting reaction, Hep-cySH with ~40%
thiolation was used for grafting to PEEK.

As proper delivery of BMP-2 is effective for improving oste-
ogenic activity as well as osseointegration of pre-osteoblast
cells, we aimed to develop an easy and efficient method for
industrial application to graft Hep-cySH onto PEEK surface by
combining ozone treatment and UV irradiation (Scheme 1).
First, the PEEK sheet was treated with ozone to introduce
peroxides onto the surface.* Since the ozonation time is one of

EDC + HOBt
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the variable parameters, the effect of ozone treatment time on
peroxide generation on the PEEK surface was analyzed spec-
trophotometrically by using an iodide method. The concentra-
tion of peroxides on PEEK increased linearly with ozonation
time and reached a plateau after 60 min (Fig. S27). So, 60 min
was chosen as the ozonation time for further experiments. The
peroxide generation on the PEEK surface was further proven by
the XPS O 1s spectra as shown in Fig. S3.1 Then, by immersing
the peroxide-functionalized PEEK sheet into 1 wt% aqueous
Hep-cySH solution at room temperature, the adsorption of Hep-
cySH onto the oxidized PEEK sheet was induced. Next, the Hep-
cySH adsorbed PEEK sheet was taken out from the solution, and
it was UV-irradiated for 10 min for reacting with the thiol or
disulfide group of Hep-cySH bound on the PEEK sheet via thiol-
ol reaction to anchor the Hep-cySH in the presence of air,
mediated by the similar reaction mechanisms of previous
reports.®>** The heparin grafted amount was 31 =+ 3.0 ug cm ™2
as quantified by TBO assay.

To demonstrate the potential of practical applications of the
present heparin grafting method, a commercial lumbar bone
cage made of PEEK was grafted with heparin through the same
process as the PEEK sheets. As shown in Fig. S4,f the uniform
and even staining of TBO on a heparin-grafted PEEK cage was
observed in contrast to no TBO staining on of a pristine PEEK
cage. Thus, not only a flat two-dimensional PEEK sheet but also
a complex three-dimensional shape of a bone cage was also
successfully grafted by heparin with the developed method.

In previous studies, heparin was either covalently or non-
covalently immobilized onto the PEEK surface.**** However,
a series of complicated chemical treatment steps were involved
to introduce the functional group for covalently immobilizing
heparin onto the PEEK surface. This method also might have
limitations for biomedical applications due to the side effect of
the residuals from chemical treatment. On the other hand, the
non-covalently binding of heparin on the PEEK surface through
ionic interaction may raise the stability issue because the non-
covalent bonding can cause heparin desorption and gradually
release into the bloodstream.>** In this study, by adopting the
thiol-ol chemistry between thiol and hydroxyl groups assisted by
UV irradiation in the presence of oxygen, we demonstrated the
covalent grafting of thiolated heparin onto the PEEK surface by

Fig. 1 Synthesis scheme for thiolated heparin (Hep-cySH).
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Scheme 1 Thiolated heparin grafting on PEEK followed by BMP-2 loading.

combining ozone treatment and UV irradiation. Both of these
methods are considered to be low cost, easy-to-handle, and
industrial friendly, hence, it has the potential to scale up for
industrial application.**

3.2. Characterization of heparin-grafted PEEK surface

To confirm the grafting of thiolated heparin on the PEEK
surface, PEEK, oPEEK, and hPEEK were analyzed by XPS. As
shown in Fig. 2A, the characteristic peaks of S 2p and N 1s were
detected only from hPEEK in comparison with PEEK or oPEEK,
supporting the presence of heparin. The high-resolution S 2p
spectrum of hPEEK (the inset) showed two peak components
with binding energies of ~162 and ~168 eV. The higher binding

energy component, assigned to sulfur atoms bonded to two or
three oxygen atoms such as sulfone, sulfonate, or sulfonic acid,
was attributed to the sulfonate group (-SO;) generated from the
conjugation of thiolated heparin with the hydroxyl group of
PEEK via thiol-ol reaction or the sulfonate unit from thiolated
heparin itself.*»** On the other hand, the lower binding energy
component was attributed to the remaining unreacted thiol
group (-SH) of thiolated heparin. Compared to thiolated
heparin, the ratio of -SO; peak to -SH peak of hPEEK was higher
(Fig. S571), also supporting the covalent conjugation of heparin
on PEEK. Thus, the results of XPS spectra validated that heparin
was successfully grafted to the PEEK surface. The water contact
angles of PEEK, oPEEK, and hPEEK were measured to analyze
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Fig. 2
OPEEK, and hPEEK. *p < 0.05 and ***p < 0.0001.
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(A) XPS wide-scan spectra of PEEK, oPEEK, and hPEEK. The inset: the high resolution S 2p spectrum. (B) Water contact angle of PEEK,
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the change in hydrophobicity of the PEEK surfaces (Fig. 2B).
PEEK itself is very hydrophobic, so the water contact of PEEK
was 85 £ 2°, while the water contact angle decreased to 35 £ 2°
for oPEEK which underwent only ozone treatment and UV
irradiation. This result revealed that the surface became more
hydrophilic after ozone treatment and UV irradiation. By
grafting heparin, additional hydrophilicity from heparin led to
the further decrease of the water contact angle to 28 + 2°. Since
the proper hydrophilicity of implants is one of the important
factors for cellular responses, the enhancement in biological
activities of PEEK was expected as the hydrophobicity of the
PEEK surface was reduced by heparin grafting.

3.3. Invitro loading and release of BMP-2

Grafted heparin on the PEEK surface would provide BMP-2
loading via heparin-binding affinity to BMP-2. However, pris-
tine PEEK could also load BMP-2 via non-specific physisorption.
The difference in BMP-2 loading amount between PEEK and
hPEEK was significant and large, but less than 50% (Fig. 3A).
Thus, simply in terms of the loading amount of BMP-2, the
benefit of heparin grafting might be regarded to be not
dramatic. However, the release of loaded BMP-2 from the PEEK
surfaces showed a clear difference (Fig. 3B). Very slow release of
BMP-2 without initial burst was observed from hPEEK. Over
90% of loaded BMP-2 remained on the hPEEK surface. In
contrast, a much faster release (~40% release in 2 weeks) with
some initial burst was observed from PEEK. Thus, even without
considering the biological activity of BMP-2, heparin grafting
could provide a dramatic benefit for immobilizing BMP-2 on the
PEEK surface mediated by the specific heparin-binding affinity
of BMP-2, which involves hydrophobic association, hydrogen
bonding, and electrostatic interactions.***®

The microstructures of the films before and after BMP-2
loading were observed using scanning electron microscopy
(SEM) (Fig. S6T). Compared to PEEK, some changes in
morphology were observed on hPEEK and PEEK/BMP2 and
more on hPEEK/BMP2, representing surface grafting of heparin
and BMP-2 loading.
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2 from PEEK and hPEEK surface for over 14 days. **p < 0.001.
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3.4. Invitro cellular responses

3.4.1. Cytotoxicity. In this study, MG-63, a human pre-
osteoblast, was used to evaluate the osteogenic activity of oste-
oblasts cultured on the BMP-2 and heparin-engrafted PEEK
film. Since MG-63 expresses osteogenic activities, such as ALP
activities, resulting from osteogenic differentiation in preferred
environments, it has been widely utilized for evaluating osteo-
genic biomaterials.*”*®* Biocompatibility of PEEK and hPEEK
was evaluated before analyzing the bioactivity of BMP-2 loaded
PEEK surfaces. Cytotoxicity test of PEEK and hPEEK was carried
out using MG-63 cells. No cytotoxicity was observed for a 24 h
culture period for both PEEK and hPEEK (Fig. S71). Thus, the
heparin grafting method in this study did not cause any
noticeable cytotoxicity issue, which was obvious, considering
the green chemistry used in this study without using any
organic solvent or chemical reagent.

3.4.2. Osteoblast proliferation. In order to investigate the
bioactivity of heparin-grafted PEEK with or without BMP-2
loading, cell proliferation of MG-63 cells on PEEK, hPEEK,
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Fig. 4 Cell proliferation of MG-63 cultured on PEEK, hPEEK, PEEK/
BMP2, and hPEEK/BMP2, normalized by fluorescent intensity of PEEK

at day 1. *p < 0.05, **p < 0.001, ***p < 0.0001.
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PEEK/BMP2, and hPEEK/BMP2 was evaluated at 1, 3, 5, and 7
days of culture. As shown in Fig. 4, cells cultured in all cases
proliferated in a time-dependent manner. However, the prolif-
eration of cells on unmodified PEEK was significantly less than
all other groups at every culture time point. By simple phys-
isorption of BMP-2 on PEEK without heparin grafting (PEEK/
BMP2), a higher proliferation rate was observed compared to
PEEK. MG-63 cells cultured on hPEEK without BMP-2, however,
showed a higher proliferation rate compared to that of PEEK/
BMP2 as well as that of PEEK. It has been reported that rela-
tively hydrophilic surfaces with a water contact angle of ~20 to
40° are favorable for cell attachment as well as proliferation.*
Therefore, MG63 cells cultured on hPEEK with a 28 + 2° water
contact angle might show a better proliferation rate compared
to PEEK/BMP2 (49 + 3°) or PEEK (81 + 2°). In other words, the
improved hydrophilicity of PEEK after physisorption of BMP-2
(PEEK/BMP2) could contribute to the higher proliferation rate
compared to PEEK. Surprisingly, it was found that even after
BMP-2 loading on heparin-grafted PEEK (hPEEK/BMP2), the cell
proliferation did not change significantly compared to hPEEK.
Our finding, however, was in line with the previous report where
BMP-2 loaded on phosphorylated gelatin-coated micro-porous
PEEK did not promote the MC3T3-E1 cell proliferation
compared to phosphorylated gelatin-coated micro-porous
PEEK.* Besides, Kim et al., also observed a similar trend,
where thBMP-2 immobilized on heparin-grafted titanium did
not promote MG-63 cell proliferation compared to heparin-
grafted titanium as well as pristine titanium.* In summary,
heparin grafting, but not BMP-2 loading, significantly enhanced
the proliferation of osteoblast cells.

3.4.3. Alkaline phosphatase (ALP) activity and mineraliza-
tion. To investigate more specific osteogenic biological activity
of heparin-grafted PEEK with or without BMP-2 loading, ALP
activity, a representative osteogenic marker of osteoblast
differentiation, was evaluated after 7 and 14 days of cell culture
on various PEEK surfaces. As shown in Fig. 5, ALP activity
increased from day 7 to day 14 for all cases. Notably, the hPEEK/
BMP2 group showed the highest ALP activity compared to other
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Fig. 5 Relative ALP activity of MG-63 cultured on PEEK, hPEEK, PEEK/
BMP2, and hPEEK/BMP2 after 7 and 14 days, normalized by total
protein amount of PEEK at day 1. *p < 0.05, **p < 0.001, ***p < 0.0001.
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groups both on day 7 and day 14. Also, there was a large
enhancement in ALP activity by BMP-2 loading on hPEEK
(hPEEK/BMP2 vs. hPEEK), showing an evident positive effect of
BMP-2 on the osteogenetic activity of the hPEEK surface. This
result was different from the proliferation data (Fig. 4), where
hPEEK and hPEEK/BMP2 showed similar enhancement. So, the
role of BMP-2 became clear for more specific osteogenic activity.
This result was well consistent with the previous studies
showing a significant improvement of ALP activity after
immobilizing BMP-2.>>*" In contrast, no enhancement of ALP
activity was observed by loading BMP-2 onto pristine PEEK
(PEEK/BMP2) compared to PEEK. This data demonstrated the
importance of heparin grafting on PEEK for the proper osteo-
genic activity of loaded BMP-2. Nonspecific adsorption of BMP-2
on the hydrophobic surface of PEEK might unfold, leading to
denaturation,® thus losing its bioactivity, which can be ach-
ieved by proper interaction with the receptors. Interestingly,
ALP activity was also significantly improved on hPEEK without
BMP-2 loading compared to PEEK or PEEK/BMP2. Some studies
have reported that introducing sulfonate groups onto titanium
surface,” > as well as PEEK surface,*>** significantly increased
the adhesion, spreading, proliferation, and osteogenic differ-
entiation of osteoblasts or stem cells. Although no clear mech-
anism explaining why sulfonation enhanced osteoblast
responses was elucidated, it might be associated with improved
surface hydrophilicity after sulfonation.*>** Our results also
showed the increased hydrophilicity and osteoblast prolifera-
tion by heparin grafting itself and supported the positive
contribution of heparin without BMP-2 on the osteogenic
activity of the PEEK surface.

Mineralization induced by osteoblast cells occurs during the
late stage of osteoblastic differentiation where cells started to
deposit mineral matrix, leading to calcium deposition.*>** The
cells on PEEK samples after 14 days of culture were stained with
Alizarin red S to evaluate the calcium deposition qualitatively
and quantitatively. Overall, the calcium deposition results were
similar to the ALP activity results. As shown in Fig. 6A, strong
positive stains (bright red colors) were developed on hPEEK and
hPEEK/BMP2 with more intense staining for hPEEK/BMP2. The
semi-quantitative analysis of calcium deposition by extracting
Alizarin red S (Fig. 6B) confirmed the positive effect of heparin
itself and the importance of heparin grafting for further
enhancement by BMP-2 loading in contrast to a minimal effect
of BMP-2 loading without heparin grafting. This observation
indicated that the osteogenic activity by heparin grafting and
BMP-2 loading could successfully lead to the mineralization
(calcium deposition) by osteoblast cells on the PEEK surface,
which is necessary for osseointegration with the surrounding
bone for in vivo applications. Thus, both results of ALP activity
and calcium deposition revealed a synergistic effect of heparin
and BMP-2 on enhancing osteogenic differentiation. Different
from previous studies on heparin immobilization on PEEK,**?*
the present study demonstrated the successful enhancement of
the osteogenic activity of PEEK, which is the most important
characteristic for applying orthopedic or dental implants.

We observed each distinct role of heparin, BMP-2, and their
synergistic roles. In terms of cell proliferation, no additional
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Fig. 6 Alizarin red staining of mineralization of MG-63 on PEEK
samples. (A) Alizarin red staining of PEEK, hPEEK, PEEK/BMP2 and
hPEEK/BMP2 cultured with MG-63 afterl4 days. (B) Semi-quantitative
of alizarin red staining of PEEK, hPEEK, PEEK/BMP2 and hPEEK/BMP2
cultured with MG-63 after 14 days. *p < 0.05, **p < 0.001.

benefit of BMP-2 loading was observed for heparinized PEEK
(hPEEK vs. hPEEK/BMP2 in Fig. 4), while BMP-2 incorporation
on the PEEK film (PEEK/BMP2) also enhanced cell proliferation.
We supposed that the hydrophilic and bioactive heparin itself
already provided a sufficient effect on cell adhesion and
proliferation on the hydrophobic PEEK.>® Thus, the additional
effect of BMP-2 on proliferation was minor in this case. As the
PEEK film is very hydrophobic (Fig. 2B), cells face challenges in
adhering and proliferating on the pristine PEEK film. Thus, the
surface coating of PEEK directly with BMP-2 (PEEK/BMP2)
improved the initial adhesion of cells by making the surface
more hydrophilic and possibly by facilitating the adsorption of
serum proteins in the cell culture media. In summary,
compared to the pristine PEEK, the heparin engraftment
elevated 1.75-fold increase in cell proliferation (both hPEEK and
hPEEK/BMP2), and the direct adsorption of BMP-2 (PEEK/
BMP2) enhanced 1.4-fold increase in cell proliferation based
on the metabolic activity on day 7.

On the other hand, the immobilization of BMP-2 on hepa-
rinized PEEK film effectively enhanced the osteogenic activity of
MG-63. It has been reported that BMP-2 promotes osteogenic
differentiation of MG-63 through specific signaling pathways
(such as BMP-2/RUNX-2 MAPKs, and Akt signaling path-
ways).””*® Since BMP-2 showed a low efficiency of immobiliza-
tion on the PEEK without heparin engraftment, the difference
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between PEEK and PEEK/BMP2 in terms of osteogenic activities
was not remarkable. However, after BMP-2 immobilization on
heparinized PEEK, significant enhancement was observed both
in terms of ALP activity and mineralization of MG-63 (Fig. 5 and
6), while heparin itself also enhanced the osteogenic activity of
MG-63. Heparin engraftment on PEEK (hPEEK) showed a 1.7-
fold and 1.8-fold increase in ALP activity and alizarin red S
staining results, while BMP-2 immobilization on hPEEK
(hPEEK/BMP2) showed 2.9- and 4.0-fold increase in ALP activity
and alizarin red S staining results, respectively. Therefore,
although heparin engraftment itself improved the osteogenic
differentiation of MG-63 significantly, the synergistic effect of
heparin and BMP-2 incorporation was clearly observed. The
synergistic index for osteogenic differentiation of MG-63,
calculated as (‘hPEEK/BMP2’)/(‘hPEEK’ + ‘PEEK/BMP2’), was
1.12 for ALP activity and 1.27 mineralization on day 14, while
that for MG-63 proliferation was 0.55. Therefore, the synergistic
effect of heparin and BMP-2 was evident in the osteogenic
activities but not in the cell proliferation.

In addition to surface modification, PEEK has been devel-
oped to enhance osseointegration and osteogenic activities by
fabricating PEEK composites with other materials. Carbon
fiber-reinforced PEEK composites have been shown to enhance
mechanical properties and bioactivities for osseointegration in
vitro and in vivo.*>*® Hydroxyapatite has also been blended with
PEEK powder for bone tissue repair.®* However, the approach of
composite materials requires the process of new materials
development by adjusting the mechanical, physical, and
chemical properties of PEEK. Additionally, it is challenging to
create homogenous and reproducible materials, and the surface
exposure of bioactive materials would be limited compared to
surface modification techniques. In contrast, the surface
modification approach can be applied to existing products. We
also demonstrated that our strategy can modify the commercial
PEEK cage conformally (Fig. S51).

4. Conclusions

A relatively green method to graft heparin onto PEEK via the
thiol-ol reaction was developed by combining ozone and UV
treatment without using any chemical reagent or organic
solvent, but by using biocompatible cysteine, an amino acid, for
thiolation on heparin. The method is low-cost and easy to
handle and can be applied to complex shapes like the
commercial PEEK implant. Successful heparin grafting was
confirmed by XPS and water contact angle analysis. Heparin
grafting on PEEK provided the efficient immobilization of BMP-
2 compared to a fast release of loaded BMP-2 from pristine
PEEK. Heparin grafting itself enhanced the bioactivity of PEEK
in terms of the proliferation and the osteogenic differentiation
of MG-63 compared to pristine PEEK. The effect of BMP-2
loading onto PEEK on more specific osteogenic activities
including ALP activity and calcium deposition of MG-63 could
be achieved only after heparin grafting. The novel system is
expected to be applied for orthopedic and dental regeneration,
overcoming the limitations of conventional metal/metal alloy-
based materials. Further in vivo studies of this BMP-2 loaded,
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heparin-grafted PEEK will be necessary to provide more
convincing results of osteogenic activity enhancement as well as
osseointegration.
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