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1. Introduction

Photoinduced immobilization of
2-methacryloyloxyethyl phosphorylcholine
polymers with different molecular architectures
on a poly(ether ether ketone) surfacef

Kyoko Fukazawa, (2 #*2 Mingwei Mu,® Sheng-Han Chen® and Kazuhiko Ishihara ) *2
Poly(ether ether ketone) (PEEK) has seen increasing use in biomedical fields as a replacement for metal
implants. Accordingly, the surface functionalities of PEEK are important for the development of medical
devices. We have focused on the application of photoinduced reactions in PEEK to immobilize a
functional polymer via radical generation on the surface, which can react with hydrocarbon groups. In
this study, we used zwitterionic copolymers comprising 2-methacryloyloxyethyl phosphorylcholine
(MPC) units and n-butyl methacrylate (BMA) units with various molecular architectures for surface
modification. A random copolymer (poly(MPC-co-BMA) (r-PMB)), an AB-type diblock copolymer (di-
PMB), and an ABA-type triblock copolymer (tri-PMB) (A segment: poly(BMA); B segment: poly(MPC))
were synthesized with the same monomer compositions. All PMBs were successfully immobilized on the
PEEK surface via UV irradiation after the dip-coating process, regardless of their molecular structure. In
this reaction, the alkyl group of the BMA unit functioned as a photoreactive site on the PEEK surface.
This indicates that the molecular structure differences affect the surface properties. For example,
compared to r-PMB and tri-PMB, di-PMB-modified surfaces exhibited an extremely low water contact
angle of approximately 10°. The findings of this study demonstrate that this surface functionalization
method does not require a low-molecular-weight compound, such as an initiator, and can be applied to
the surface of inert PEEK through a simple photoreaction under room temperature, atmospheric
pressure, and dry state conditions.

mechanical properties.®® Although neat PEEK has a flexural
modulus of 3-4 GPa, its value increases to 18 GPa when it is
reinforced with carbon fibers. This value is close to that of

Polyether ether ketone (PEEK) is a super-engineering plastic
with excellent mechanical strength, high thermal stability, and
exceptional chemical, water, and radiation resistances.’ In
addition to these excellent properties, PEEK has the inherent
lightness and workability of plastics. Therefore, PEEK has
attracted considerable attention in a wide range of industries,
including the medical field, as an alternative to metals.*” In
medicine, PEEK is most often used in devices, such as ortho-
pedic, spinal, and cranial implants, because of its excellent
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cortical bone (7-30 GPa), making PEEK mechanically
compatible.’®*" Recently, three-dimensional (3D) printing
technology has made it possible to construct complex PEEK
products.”>™** The development of tailor-made devices will
further expand the use of PEEK in the medical field.

Although PEEK has many advantages, its application to the
development of medical devices requires improved surface
properties, such as hydrophilicity, anti-biofouling, lubricity, and
adhesion."™"® Oxygen plasma treatment is often used to change the
surface properties of materials. After modification, the surface
becomes hydrophilic owing to the formation of oxygen-
containing functional groups, and the adhesive strength increases
with an increase in surface irregularities."”'® Oxygen plasma treat-
ment is a powerful method; however, it can strongly affect the bulk
material properties, and the types of functional groups introduced
are limited.

Grafting functional polymers is a convenient method for
introducing various functional groups on PEEK surfaces.
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Kyomoto et al. first demonstrated photoinduced direct graft
polymerization on PEEK surfaces."® PEEK has a benzophenone
(BP) unit in its main structure. BP is a well-known photoreactive
group that generates radicals through photoirradiation. The
same photochemical reaction occurs even for a BP unit within
the polymer chain. Therefore, PEEK acts as a polymeric photo-
initiator for polymerization. Consequently, graft polymeriza-
tion can be achieved using monomers, and a dense grafting
layer can be built on the PEEK surface.’*>* However, the strict
removal of dissolved oxygen in the monomer solution and
temperature control are required because the polymerization
initiates from the radicals generated on the PEEK surface.

In this study, we explored a convenient process that was
performed in an air atmosphere, at room temperature, and
under dry conditions. We focused on the hydrogen extraction
reaction of radicals generated on PEEK under photoirradiation.
If a polymer with hydrocarbon groups is in close contact with
the substrate surface, the radicals generated via photoirradia-
tion can react with the polymer effectively, and new chemical
bonds are formed between the polymer and PEEK surface.
Therefore, the PEEK surface can be endowed with diverse
functionalities by modifying the polymer properties. Herein,
poly(n-butyl methacrylate) (PBMA) was used as a source of
hydrocarbons. PBMA has a suitable glass transition tempera-
ture and provides photoreactive points. Subsequently, 2-
methacryloyloxyethyl phosphorylcholine (MPC) was selected
to obtain the hydrophilicity and antibiofouling properties.
The poly(MPC-co-BMA) (PMB) surface is hydrophilic and effec-
tively suppresses protein adsorption and cell adhesion because
of the phosphorylcholine group in the side chain of the MPC.>*
PMB coating technology has already been applied to create
various medical devices for clinical use.”> A plausible photo-
reaction mechanism for the immobilization of PMB on the
PEEK surface is depicted in Fig. 1. The hydrocarbons in the
BMA unit are thought to mainly act as photoreactive sites,
rather than those in the MPC unit, because the poly(MPC)
(PMPC) has a rigid structure. PMPC has a rod-like structure
because of the bulky side-chain phosphorylcholine groups
that completely cover the methacrylate backbone.*® Therefore,
we synthesized PMB with the same monomer composition
and different molecular architectures: a random copolymer
(r-PMB), an AB-type diblock copolymer (di-PMB), and an ABA-
type triblock copolymer (tri-PMB) (A segment: PBMA; B seg-
ment: PMPC). After the photoreaction of PMBs on PEEK, the
surface composition, morphology, and thickness were analyzed
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using X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and ellipsometry, respectively. Furthermore,
the effects of the polymer architecture on the photoreaction,
wettability, and suppression of protein adsorption were
investigated.

2. Experimental
2.1. Materials

A PEEK sheet (APTIV1000 sheet, 100 pm thick) was obtained
from Victrex PLC (Lancashire, UK). MPC and Lipidure™-PMB
(water-soluble random PMB) were purchased from NOF Co.,
Ltd (Tokyo, Japan), which was synthesized using a previously
reported procedure.”” Additionally, 2,2’-azobisisobutyronitrile
(AIBN) was purchased from Kanto Chemical Co., Inc. (Tokyo,
Japan). Ethylene bis(2-bromoisobutyrate) (EBBiB), tris(2-
pyridylmethyl) amine (TPMA), and 4-cyano-4-(phenylcarbo-
nothioylthio)pentanoic acid (CPA) were purchased from
Sigma-Aldrich (St Louis, MO, USA). 1-Ascorbic acid, copper(i)
bromide (CuBr,), and albumin from bovine serum (BSA, 019-
21272) were obtained from Wako Pure Chemical Industries
(Osaka, Japan). All reagents were of extra-pure grade and were
used without further purification.

2.2. Synthesis of polymers

2.2.1. Diblock copolymer. The diblock polymer comprising
PMPC and PBMA segments, di-PMB, was synthesized using a
reversible addition fragmentation chain transfer (RAFT) poly-
merization technique.?® The detailed reaction scheme is shown
in Fig. S1 (ESIY). First, PMPC with 120 MPC units (PMPC
prepolymer) was synthesized using AIBN as the initiator and
CPA as the chain transfer agent. MPC (0.50 mol L"), CPA
(4.2 mmol L"), and AIBN (0.80 mmol L") were dissolved in
methanol at room temperature and bubbled with argon gas for
10 min before sealing the glass tube. Polymerization was
performed at 65 °C. After 24 h, 100 pL of the polymer solution
was taken from the glass tube and used to evaluate the mono-
mer conversion using proton nuclear magnetic resonance (‘H-
NMR). The PMPC prepolymer was precipitated by pouring it
into excess diethyl ether/chloroform (80/20 v/v). The precipi-
tated polymer was dried under pressure, dissolved in distilled
water, and dialyzed for 3 days using a dialysis membrane with a
molecular weight cut-off of 3.5 kDa. Finally, the solvent was
removed by freeze-drying to obtain the PMPC prepolymer as a
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Fig. 1 Photoreaction mechanism of PMB on a PEEK surface.
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light pink powder. The block-type copolymers comprising
PMPC and PBMA segments were synthesized using the PMPC
prepolymer and AIBN as the macroinitiator and initiator,
respectively. The molar ratio of the PMPC prepolymer to BMA
was 1:30 for di-PMB. BMA (0.50 mol L"), PMPC prepolymer
(10.4 mmol L™"), and AIBN (2.0 mmol L™") were dissolved in
methanol at room temperature. The glass tube was sealed
after bubbling with argon gas for 10 min. Subsequently, poly-
merization was performed at 68 °C for 24 h. The polymer was
precipitated by pouring it into diethyl ether, collected via
filtration, and then vacuum dried overnight at room
temperature.

2.3. Triblock copolymer

The triblock polymer (tri-PMB), containing PMPC in the middle
segment (B) and PBMA segments (A) on both sides of the
polymer chain (ABA), was synthesized using activators regener-
ated by electron transfer (ARGET)-atom transfer radical poly-
merization (ATRP). The PMPC prepolymer was prepared as
reported previously;*® the detailed procedure is shown in Fig.
S2 (ESIt). The final molar composition of the polymerization
reaction was [MPC]/[EBBiB]/[CuBr,]/[TPMA]/[L-ascorbic acid] =
120/1.0/0.020/0.40/0.20. Polymerization was performed in
degassed methanol at 20 °C with stirring. The molar concen-
tration of MPC was 1.0 mol L™". After 5 h, 100 uL of the polymer
solution was taken from the glass tube, and the monomer
conversion was evaluated using "H-NMR. Thereafter, 30 times
the amount of BMA for the PMPC prepolymer was added to the
polymer solution under argon gas bubbling, and the second
reaction was performed at 40 °C for 24 h. The polymer was
precipitated by pouring it into excess diethyl ether/chloroform
(80/20 v/v). The precipitated polymer was dried under pressure,
dissolved in distilled water, and dialyzed for 3 days using a
dialysis membrane with a molecular weight cut-off of 3.5 kDa.
Finally, the solvent was removed by freeze-drying to obtain tri-
PMB as a white powder.

2.4. Surface modification by photoreaction

The PEEK substrates were cleaned using ultrasonication in
n-hexane, ethanol, and acetone for 10, 10, and 5 min, respec-
tively. Lipidure®-PMB (r-PMB), di-PMB, and tri-PMB were dis-
solved in ethanol to make three 0.50 wt% solutions.
Subsequently, 1.0 x 1.0 cm> PEEK substrates were immersed
into each PMB solution using a dip-coating process for 10 s. All
samples were dried in an ethanol vapor atmosphere for 10 min
at room temperature, followed by UV irradiation (365 nm,
18 mW cm %) for 30 min. After photoirradiation, the modified
PEEK substrates were immersed and shaken gently in ethanol
for 24 h to remove the unreacted polymer. Finally, the PMB-
modified PEEK substrates were dried and stored in a vacuum
desiccator.

2.5. Surface characterization

The thicknesses of the r-PMB layers after the photoreaction
with different polymer concentrations and UV irradiation
times were measured using an ellipsometer (FE-5000S, Otsuka

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

Electronics Co., Ltd, Osaka, Japan) to determine the photo-
reactive conditions. Moreover, the thicknesses of the di-PMB,
tri-PMB, and PBMA layers after the photoreaction at a polymer
concentration of 0.50 wt% and UV irradiation time of 30 min
were measured. PBMA was used as a control. The measure-
ments were performed under dry conditions using visible light
at an incident angle of 70°. All data were analyzed using the
Cauchy layer model with an assumed refractive index of 1.49 at
632.8 nm.

XPS (AXIS-His165 Kratos/Shimadzu, Kyoto, Japan) with a
non-monochromatic magnesium anode source was used to
determine the elemental composition of the PEEK surfaces
after the PMB photoreactions. The photoelectron take-off angle
was set to 90°. The spectra for C, O, N, and P were recorded. All
binding energies were corrected by referencing to the C,4 peak
at 285.0 eV.

The surface morphology of the PEEK substrates after the
photoreaction of the PMBs was observed using atomic force
microscopy (AFM; Nanoscope I1Ia; Nihon Veeco, Tokyo, Japan)
operated in the tapping mode. The measurement was per-
formed at a scan rate of 1.0 Hz using a standard cantilever
with a spring constant of 40 N m~" and a resonant frequency of
300 kHz. The root mean square (RMS) of the surface roughness
of a 5 x 5 um? area was calculated using the bundled software.
Three positions were measured for each sample.

The contact angles of specific liquids were measured under
dry conditions using a static contact angle goniometer (SCA;
FACE CA-X contact angle meter, Kyowa Interface Science Co.
Ltd, Saitama, Japan). Thereafter, 3 pL droplets of water and
diiodomethane were placed on the modified PEEK surfaces,
and the contact angles were measured within 10 s. Photo-
graphic images were used to determine the contact angles.
Each sample was measured at five positions. The surface free
energy and its dispersion and polar components were calcu-
lated using the Owens-Wend equation from the measured
static contact angles of water and diiodomethane and the
surface free energy of the liquids.*°

3. Results and discussion
3.1. Characterization of PMBs

To evaluate the effect of the molecular architecture on the
photoreactivity and surface properties, PMBs with the same
monomer composition and different molecular architectures
were prepared. Fig. 2 shows the chemical structures of r-PMB,
di-PMB, and tri-PMB. Di-PMB and tri-PMB were synthesized
using the RAFT polymerization (Fig. S1, ESIT) and ARGET-ATRP
(Fig. S3, ESIY) techniques, respectively. The synthesis results
are summarized in Table 1. The monomer conversion rate of
MPC, which was the first reaction step, was 95% for di-PMB;
therefore, the PMPC prepolymer was 114 units. In contrast, the
monomer conversion rate of MPC in tri-PMB was 95%, and the
resulting PMPC prepolymer was 107 units. For both di-PMB and tri-
PMB, the monomer conversion rate of BMA, which was the second
reaction, was 100%. Finally, di-PMB and tri-PMB with approximately
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https://doi.org/10.1039/d1tb02415a

Published on 03 febrero 2022. Downloaded on 1/11/2025 5:07:06 p.m..

Paper

Random copolymer (Lipidure®-PMB) (r-PMB)

View Article Online

Journal of Materials Chemistry B

CHs CH,
—{CHr - £CHzCr
go o ¢-o
OCHZCHZOII?OCHZCHZN(CHg)g OCH,CH,CH,CH;3
(0]

Diblock copolymer (di-PMB)

CHs CHs CHs S
I I I I
HOOC(CHaz~ ¢ —t CHz~ ¢ Jm————————{ CHr ¢3S -c-0
CN CI2=O C|>_ c|;=o
4
OCH;CH,OPOCH,CH N(CHa)s - OCH,CH;CH,CHs
o}
Triblock copolymenr (tri-PMB)
e Pl BT o
Br—¢ ?— CH, ) ¢ ?— CH,3m C — COCH,CH,0C — C— CHzC ¥ ¢ CHQ—? ) Br
c=0 c=0 o- CHs CHs c=0 o- <|:=o
1 1
OCH,CH,CH,CH, ocx-|2CHzonﬁOCHZCHzN’ZCHa)3 OCHQCHZOlﬁOCHZCHZI\T(CHg)g OCH,CH,CH,CH,
o}
Composition

Fig. 2 Chemical structures of PMBs.

Table 1 Synthetic results of diblock- and triblock-type PMBs

Composition (mol%)

In feed In copolymer”
Abb. MPC BMA MPC BMA M.’ (x 10") My/M,°
di-PMB80 80 20 79 21 3.8 1.2
tri-PMB80 80 20 78 22 3.6 1.4

“ Determined by 'H-NMR spectroscopy in ethanol-ds. b Number-
averaged molecular weight (M,) was determined by NMR measure-
ments in CD;OD. ‘ Polydispersity of weight-averaged molecular (M,,)
and M, were determined by GPC measurement in methanol/water
mixture (7/3 by volume) containing 10 mM LiBr.

80 mol% MPC units and low polydispersity were successfully synthe-
sized. All PMBs were soluble in alcohol and water.
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3.2. Photoreaction of PMBs on PEEK substrates

The effects of the polymer concentration and photoirradiation
time on the polymer layer thickness were investigated using r-
PMB. Fig. 3(a) shows the relationship between the r-PMB layer
thickness and polymer concentration for a photoirradiation
time of 30 min. When the photoreaction process was performed
with 0.10 and 0.50 wt% r-PMB solutions, the thicknesses of the
r-PMB layers before washing were approximately 14 and 40 nm,
respectively (data not shown). Conversely, the thickness of the
r-PMB layer after washing was constant at approximately 8 nm,
except when the polymer concentration was 0.10 wt%. BP
selectively reacts with C-H bonds within a 3.1 A radius of the
carbonyl oxygen.*" This indicates that only the polymer chains
in contact with the PEEK surface were involved in the photo-
reaction. Fig. 3(b) shows the relationship between the thickness

b
(b) Polymer concentration: 0.50 wt%
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Fig. 3 (a) Relationship between the r-PMB layer thickness and polymer concentration. (b) Relationship between the thickness of the r-PMB layer and

photoirradiation time.
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Fig. 4 Thicknesses of the PMB layers after photoreaction.

of the r-PMB layers and the photoirradiation time at a polymer
concentration of 0.50 wt%. The thickness of the r-PMB layers
increased with the increasing photoirradiation time and
reached saturation in 30 min. This result is consistent with
the concentration of radicals generated on the PEEK surface,*>
indicating that the density of the immobilized polymer
increased over time. The relationship between the UV irradia-
tion time and thickness depends on the radical concentration
generated on the PEEK surface; therefore, the trend observed in
Fig. 3(b) is expected for all PMBs. The thickness was approxi-
mately 8 nm after 30 min of photoirradiation, which agrees
with the result shown in Fig. 3(a). When PMPC was used to
modify the polymer, the thickness after the photoreaction was
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only 4 nm. The hydrocarbons of the BMA unit are thought to act
as the main photoreactive sites, rather than those in the MPC
unit, because of the bulky side-chain phosphorylcholine
groups.”® Fig. 4 shows the thicknesses of the r-PMB, di-PMB,
tri-PMB, and PBMA layers after the photoreaction. The thick-
nesses of the PMB layers immobilized on the PEEK surface after
the photoreaction were almost the same. In contrast, the
thickness of the PBMA layer was larger than that of the polymer
layers. This is probably because PBMA contains multiple hydro-
carbons that react with the PEEK surface.

3.3. Surface chemical/morphological characterization of
PMB-modified PEEK substrates

The surface was then analyzed using XPS after the photoreac-
tion of the PMBs. Fig. 5 shows the XPS spectra of the untreated
PEEK, r-PMB-PEEK, di-PMB-PEEK, and tri-PMB-PEEK surfaces.
Strong peaks were observed in the C;s and Oj regions of
the untreated PEEK substrate surface. The peaks at 285, 286,
and 289 eV were assigned to the C-C, C-O, and C=—O0 bonds,
respectively. The two peaks at 531 and 533 eV were assigned to
the C-O and C=0 bonds, respectively. For the r-PMB-PEEK, di-
PMB-PEEK, and tri-PMB-PEEK surfaces, the peaks attributed to
the MPC unit were observed in the Ny; and P, regions. The
peak at 403 eV in the N4 region was assigned to the trimethy-
lammonium group (-N'(CHj);), while the peak at 134 eV
in the P,, region was assigned to the phosphate ester. There-
fore, regardless of the molecular architecture, PMBs were
immobilized on the surface of the PEEK substrate by photo-
reactions. The peaks assigned to the PMBs were still observed

N1s I'.',Zp

410 405 400 395 143 138 133 128

et W\

410 405 400 395 143 138 133 128

410 405 400 395 143 138 133 128

k! MmN\

410 405 400 395 143 138 133 128

Binding energy (eV)
Fig. 5 XPS spectra of (a) untreated PEEK, (b) r-PMB-PEEK, (c) di-PMB-PEEK, and (d) tri-PMB-PEEK surfaces.
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Fig. 6 High-resolution AFM images of (a) untreated PEEK, (b) r-PMB-
PEEK, (c) di-PMB-PEEK, and (d) tri-PMB-PEEK surfaces.

on the PEEK surface even after washing with ethanol, which is
a good solvent for PMBs. These results indicate that the
PMBs were covalently immobilized on the PEEK substrates by
photoreactions.

Fig. 6 shows the surface morphology of r-PMB-PEEK, di-
PMB-PEEK, and tri-PMB-PEEK measured using AFM in the dry
state. The RMS surface roughness of the untreated PEEK
substrate was 18.8 &+ 1.1 nm, and it demonstrated a relatively
large asperity. This was attributed to the manufacturing pro-
cess. The RMS roughness values of r-PMB-PEEK, di-PMB-PEEK,
and tri-PMB-PEEK were 15.7 + 1.9, 17.7 £+ 1.2, and 19.0 +
1.9 nm, respectively, and exhibited no difference from that of
the untreated PEEK substrate. In previous reports, a 100 nm
thick PMPC layer was prepared using graft polymerization.*?
Those reports observed a smoother surface compared to the
untreated PEEK substrate. Our results using AFM and ellipso-
metry were consistent with each other, indicating that the PMB
layer was extremely thin. No significant morphological differ-
ences were observed between r-PMB-PEEK, di-PMB-PEEK, and
tri-PEEK in the dry state.

3.4. Surface energy characterization of PMB-modified PEEK
substrates

The wettability and hydrophilicity depend on the density and
type of functional groups on the material surface. The hydro-
philicity of the PEEK substrates was evaluated by measuring the
water contact angle under dry conditions, and the surface free
energy was calculated. The results are shown in Table 2. The
water contact angle on the untreated PEEK surface was 77.8°,
and the polar (;2) and dispersion (%) components were 1.6 and
43.8 m] m™ >, respectively. This indicates that PEEK is hydro-
phobic. After 30 min of UV irradiation, the water contact angle
decreased owing to the formation of oxygen-containing func-
tional groups on the surface (Fig. S5, ESIT).>**> On the surfaces
treated with r-PMB, di-PMB, and tri-PMB, the water contact
angles were 42.9°, 10.2°, and 24.8°, respectively; hydrophilicity
was imparted from the MPC units. Interestingly, although

2704 | J Mater. Chem. B, 2022, 10, 2699-2707
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Table 2 Contact angles of specific liquids and surface free energies of
PEEK substrates after photoreaction with PMBs

Surface free

Contact angles (deg.) energy (m] m?)

Substrate Water Diiodomethane )% 74 Vs

PEEK (Untreated) 77.8  28.0 1.6 43.8 454
PEEK (After UV irradiation) 56.0 31.1 15.3 33.0 483
r-PMB-PEEK 42,9 33.9 27.6 27.7 553
di-PMB-PEEK 10.2 264 46.2 25.6 71.8
tri-PMB-PEEK 24.8 32.6 41.7 24.5 66.3

the amount of MPC units was the same for r-PMB, di-PMB,
and tri-PMB, di-PMB-PEEK showed an extremely low water
contact angle of 10.2°. The y% values of r-PMB-PEEK, di-PMB-
PEEK, and tri-PMB-PEEK were 27.6, 46.2, and 41.7 m] m 2,
respectively. The order of % corresponds to the amount of MPC
units present on the outermost surface. Note that this measure-
ment was performed in a dry state; therefore, the molecular
mobility of the MPC unit at the water interface can affect the
water contact angle. As mentioned above, the photoreaction
preferentially occurs between the BMA unit and the PEEK
surface. Therefore, the difference in the surface free energy is
considered to be due to the difference in the binding mode, as
shown in Fig. 7. Previously, Kobayashi et al. constructed a
PMPC polymer brush layer with a dried thickness of 40 nm or
more and a graft density of 0.23 chains per nm on silicon
substrates using surface-initiated ATRP (SI-ATRP).>® The sur-
face free energy was evaluated; the values of )%, y‘si, and y, were
41.0, 33.5, and 74.5 mJ m >, respectively. On the di-PMB
surface, the values of 9%, yS, and y, were 46.2, 25.6, and
71.8 mJ m ™2, respectively. Although di-PMB was immobilized
by the photoreaction after the dip-coating process, the surface
free energy was close to that of the PMPC brush layer. The
surface of di-PMB resembles a polymer brush with one free end.
For the polymer brush prepared by SI-ATRP, the graft density
was calculated from the thickness determined using ellipso-
metry and the molecular weight of the polymer chains on the
surface, which was determined from the polymerization degree
measured using the "H-NMR spectrum of the free polymer.*’
However, in this study, PMBs were immobilized on the PEEK
surface by the photoreaction after the dip-coating process. The
terminal of the polymer chains does not always react with the
substrate; hence, it was not possible to determine the PMB
density using ellipsometry, as in the SI-ATRP method. In
addition, it was difficult to quantify the amount of PMPC
chains per unit area using Fourier transform infrared spectro-
scopy combined with attenuated total reflection equipment
(FT-IR/ATR) spectra owing to the thin layer.

The surface free energy is a parameter used to determine the
antifouling properties of a material surface. We have previously
synthesized photoreactive phospholipid polymers using RAFT
polymerization, where the surface modification of n-butyl
trichlorosilane-immobilized silicon substrates was performed
through photoreactions. After modification, the surface
became hydrophilic owing to the MPC units, and fibrinogen
adsorption and platelet adhesion were effectively suppressed.*®

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Schematic of the PEEK surface after the photoreactions of r-PMB,

The amount of BSA adsorbed on the PEEK substrate after
surface modification with PMBs was measured using uBCA
(Fig. S6, ESIt). BSA adsorption was effectively suppressed after
surface modification with PMBs; however, there was no sig-
nificant difference between r-PMB, di-PMB, and tri-PMB in the
evaluation by uBCA. After sufficient equilibration, the PEEK
surface is thought to be covered with MPC units, regardless of
the polymer architectures. The photoinduced surface treatment
of the MPC polymers shown in this study is convenient because
it is effective for PEEK substrates and can be performed in air at
room temperature. This technology can be applied to the sur-
face functionalization of PEEK medical implants and to
improve their compatibility with cells and tissues in the future.
More detailed research on these topics is underway.

4. Conclusions

Well-defined molecular structures of di-PMB and tri-PMB were
successfully synthesized via RAFT polymerization and ARGET-
ATRP, respectively. We demonstrated that r-PMB, di-PMB, and
tri-PMB could be immobilized on the surface of the PEEK
substrate using a photoreaction at room temperature under
atmospheric conditions. This immobilization was due to the
photoinduced radical formation and reactions with hydrocar-
bon groups in the PMBs. The BMA units of PMB reacted
preferentially with the PEEK surface; therefore, r-PMB, di-
PMB, and tri-PMB were bound to the PEEK surface by different
binding modes. After the surface modification of the PMBs, the
surface of the PEEK substrate became hydrophilic owing to the
characteristics of the MPC unit. In particular, the performance
of the surface depended on the molecular architecture of the
PMBs; that is, the di-PMB-PEEK surface was extremely hydro-
philic. Because all PMBs had the same number of MPC units,
this study revealed that molecular structure differences affect
the wettability of the surface. We concluded that photoinduced
surface modification with di-PMB could easily modify inert
PEEK surfaces to become super-hydrophilic.
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