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Surface coating and characteristics of ester-free
poly(trimethylene carbonate) bearing an aromatic
urea moiety for biomaterials usef

*ab

Lee Yae Tan,” Nalinthip Chanthaset*® and Hiroharu Ajiro

As a contribution to future developments in biomaterials surface science, this study investigated the
polymer properties and surface coating performance of urea-functionalized ester-free poly(trimethylene
carbonate), 1-(2-mercaptoethyllurea poly(trimethylene carbonate) (PTMCM-SU). An aromatic PTMC
derivative bearing a vinyl moiety (FTMCM-VB) as a precursor was modified to PTMCM-SU via UV
irradiation. In polymer design, hydrogen interaction may be induced in the PTMCM-SU by the presence
of 1-(2-mercaptoethyljurea (SU). Here, the glass transition temperature (T;) of PTMCM-SU was increased
to —2 °C compared to that of non-functionalized PTMC at —29 °C. The wettability of the polymer
coatings on glass, stainless steel, and polyethylene (PE) was also studied. PTMC and PTMCM-VB had
similar hydrophobic surfaces but the PTMCM-SU surface was hydrophilic. Interestingly, the protein
adsorption on PTMCM-SU showed a higher affinity to the coated materials, thus enhancing their
bioactivity. We demonstrated that, by modifying PTMC with a urea pendant, we could tune the polymer
functionality and promote biological responsiveness for its potential use as a coating surface for

rsc.li/materials-advances biomaterials.

Introduction

With the advent of biotechnology, biodegradable polymeric
coating materials have attracted attention in clinical applica-
tions due to their flexible functionalization. Biodegradable
polymers possess good bioresorbability, biocompatibility and
non-toxicity." The polymeric coating on biomaterials can be
controlled and surface properties such as wettability, bioactiv-
ity, adherence, and scratch and abrasion resistance can be
modified for specific requirements and advanced functionali-
zation in a wide range of biomedical applications.! Diversity of
functionalization is required to increase their applicability for
cell proliferation,” tissue growth and repair,’ and delivery of
biomolecules such as drugs,* growth factors,” and antimicro-
bial agents.® To date, aliphatic polyesters and polycarbonates
that have been used in medical products have been mainly
derived from polylactic acid (PLA), polyglycolide (PGA) and
polycaprolactone (PCL) for the development of sutures, bone
screws, tissue scaffolds, etc.” However, due to the limited
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chemical structure of polyesters, we focused on trimethylene
carbonate bearing various functional groups, while avoiding
ester bonding, which produces organic acidic compounds after
hydrolysis.®°

Poly(trimethylene carbonate) (PTMC) is a well-known biode-
gradable candidate due to its biocompatibility, flexibility,
uniform surface erosion characteristics and non-acidic by-
products during the degradation process. Therefore, synthetic
PTMC can be regarded as a promising surface coating for
biomedical applications.™ Many efforts to functionalize PTMC
with various moieties, including alkyl,"* aryl,’* alkene,**
alkyne,'® halogen,'® azide,"” and amino"® have been reported.
However, most of the currently published studies have used
ester-based side chain modification,"® which may induce acidic
by-products upon degradation.’® Hence, our group has focused
on an ester-free based structure of functionalized PTMC. We
have previously reported the successful functionalization of
ester-free PTMC with improved properties using our own
unique designs and syntheses. For instance, PTMC with
oligo(ethylene glycol) shows thermal responsivity at near body
temperature with minimal acidity of the generated degradation
product.20,21 Also, ester-free aromatic** and alicyclic*® PTMC
have improved the thermal properties of commercial PTMC.

In addition to expanding the applicability of ester-free PTMC
derivatives, introduction of a functional group that is beneficial
for biomaterials and tissue interactions by tailoring the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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wettability,>*  surface  charge,”®> and intermolecular
interactions®® would be desirable. For instance, Wei et al.
precisely  designed  grafted  poly(hexamethyldisiloxane)
(PHMDSO) brushes with different surface wettability by manip-
ulating the duration of oxygen plasma treatment, to study the
effect of cell adherence performance.”” Ding et al demon-
strated the modulation of protein adsorption, vascular cell
selectivity and platelet adhesion by multifunctionality of the
poly(dopamine) (PDA) coating for vascular stent applications.”®

Recently, urea derivatives have been shown to be excellent
functional groups that facilitate interesting performance in
terms of biomimetics to biomolecules,*® tailorable hydrophili-
city and hydrogen bonding,*® etc. These derivatives impart a
structure similar to peptide bonds that could have a better
chance of binding to protein molecules and enhancing bioac-
tivity. Urea is notably associated with hydrogen bonding as a
strategy for improving physical properties and desired inter-
molecular interaction such as drug release control.** Kim et al.
reported that introducing a urea-bearing functional group into
a copolymer lowered the critical micelle concentration,
enhanced the kinetic stability of the micelles and, with the
non-covalent interaction with doxorubicin (a model anticancer
drug), facilitated drug delivery control.” Ying et al. explored the
hindered urea bond, a urea structure with a bulky substituent
on one of the nitrogen atoms. The hydrolysis kinetics were
tuned by manipulating the substituent’s bulkiness, which has
potential in tissue engineering applications for controlling the
release kinetics of cells or proteins to wound sites.*” Inspired by
these findings, it is proposed that the addition of a urea group
into the side chain of PTMC with an ester free design would
enhance its biocompatibility. Since the presence of a urea
moiety could make polymerization difficult, post-modification
provides an easy synthetic route and the possibility for incor-
porating a urea pendant group through a reactive site such as a
double bond. In our previous study, we successfully synthesized
cross-linked PTMC bearing an aromatic pendant and 1-(2-
mercaptoethyl)urea (SU). The PTMCM-SU in the form of a film
incorporating a 50% crosslinker of 2,2'-bis(trimethylene
carbonate-5-ly)-butyl ether (BTB) showed a greater tensile
strength of 9.94 MPa than non-functionalized PTMC
(0.89 MPa).** However, the polymer materials could not be
coated on any substrate, and the post-modification behaviour
was unclear due to the crosslinked gel material. We were
motivated to apply the polymer materials for the surface coat-
ing of biomaterials using soluble PTMC derivatives without
crosslinking. For specific use in the medical field, the study of
biological responses is essential to understand the behaviour
and interaction with the surrounding biological microenviron-
ment. The requirements for biological interaction or effects of
the biomaterials differ depending on the therapeutic
application.>® This study aimed to evaluate the bioactivity of
SU for potential use in biomaterials using linear polymers of
PTMC derivatives, for tissue engineering, and drug release.

In this study, an aromatic bearing vinyl moiety was intro-
duced into a PTMC side chain followed by post-modification of
PTMC with a thiol bearing a urea group through UV irradiation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The polymers were coated on glass, stainless steel (SS) and
polyethylene (PE) to study their characteristics. For use as a
polymeric coating material in clinical applications, the thermal
properties, contact angles, roughness and protein adsorption
are discussed along with an investigation of the existence of
hydrogen bonding between urea-functional PTMC.

Experimental
Materials and procedures

Trimethylolethane, ethyl chloroformate, hexafluoro-2-
propanol, 1,8-diazabicyclo[5.4.0]-7-undecene (DBU) and 2,2-
dimethyl-1-propanol were purchased from Tokyo Chemical
Industry (TCI), Japan. Potassium hydroxide pellets (KOH),
potassium cyanate (KOCN) and 1 M hydrochloric acid (HCI)
were purchased from Nacalai Tesque. 2,2-Dimethoxy-2-
phenylacetophenone (DMPA) and 4-vinylbenzyl chloride were
purchased from Sigma-Aldrich. Trimethylamine was purchased
from Fujifilm Wako Pure Chemical (WAKO), Japan. Anhydrous
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), tetra-
hydrofuran (THF), ethyl acetate, hexane, isopropanol, sodium
chloride, and dichloromethane (DCM) were used without
further purification.

Monomer syntheses

2-Methyl-2-[{(4-vinylbenzyl)methoxy}methyl]-1,3-propanediol  (diol-
styrene), 5-methyl-5{{(4-vinylbenzyl)methoxy}methyl]-1,3-dioxanone
(TMCM-VB) and SU were synthesized using the same procedure
as reported from our previous paper.*

Polymer syntheses.

Synthesis of PTMCM-VB and PTMC. Under a N, atmosphere,
TMCM-VB (1.0 g, 3.81 mmol) was dissolved in anhydrous DCM
solution with MS4A and stirred for 6 hr. The solution was then
transferred to another flask and the solvent was removed by
vacuum evaporated at room temperature overnight. The poly-
merization was carried out by using 2,2-dimethyl-1-propanol
and DBU as an initiator and catalyst. Briefly, the dried mono-
mer was dissolved in anhydrous DCM (1.91 ml) with 2 M
concentration. Subsequently, DBU (56.9 ul, 0.381 mmol) and
1 M 2,2-dimethyl-1-propanol (38.1 ul, 0.0381 mmol) were
added. The polymerization was carried out for 24 hr under
room temperature. The polymerization was stopped by dissol-
ving a small amount of DCM. After precipitation of the mixture
against a large excess of cold methanol, the polymer was
recovered by decantation and centrifugation and finally dried
in vacuo at room temperature (88% yield). PTMC was polymer-
ized from monomer 1,3-dioxane-2-one with the same procedure
as described above (91% yield).

Post modification of the thiol-ene of PTMCM-VB with SU.
Post-modification was performed under a nitrogen atmo-
sphere. The PTMCM-VB (0.8 g, 3 mmol, ~25 vinyl aromatic
units per chain) was dissolved in 31 ml of DMF until a
homogenous solution was formed. SU (3.67 g, 31 mmol) and
DMPA as a photo-initiator (0.16 g, 0.62 mmol) were added into
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the mixture. The mixture was stirred at room temperature
under UV light (365 nm). The reaction was monitored at
specific time intervals by NMR. After 4 h, the UV light was
turned off and the mixture was vacuum evaporated to remove
the solvent. The obtained compound was re-dissolved in HFIP/
H,0 (1:10) and then placed into a dialysis bag (cut off M,
2 kDa) and dialyzed against water for 1 day to remove unreac-
tive thiol-urea. The solution outside the mixture of the dialysis
bag was replaced with fresh water every 12 h. After that, the
mixture in the dialysis bag was vacuum dried at 50 °C overnight
to obtain post-modified polymer (PTMCM-SU) (22% yield).

Coating procedure

Spin coating of synthetic polymers was applied on the glass,
stainless steel (SS), and polyethylene (PE). A solution of the
synthetic polymer in HFIP/DCM (1:1) at 10 mg ml~" was made
and 40 pl of the polymeric solution was dropped onto the
spinning substrate at 1000 rpm for 30 s for two time-repeated
coatings (Spincoater 1H-D7, Mikasa Co., Ltd). The coated
substrates were then dried under vacuum before testing.

Characterizations

"H NMR (400 MHz) spectra was recorded on a JEOL JNM-
ECX400 instrument with tetramethylsilane (TMS) as an internal
standard. Chemical shifts were measured in CDCl; or DMSO-d,
at 25 °C depending on the polymer solubility. PTMCM-VB was
measured using CDCl; while PTMCM-SU was measured using
DMSO-d6. Fourier transform infrared spectrometer (FT-IR)
spectra were obtained with an IR Affinity-1S Shimadzu. Size
Exclusion Chromatography (SEC) measurement was conducted
to determine the average molecular weight (M,,) and dispersity
distribution (PDI) of the synthetic polymers. The system was
equipped with an RI-2031 Plus Intelligent RI detector, PU-2080
Plus Intelligent HPLC pump, AS-2055 Plus Intelligent Sampler,
CO-2065 Plus Intelligent Column oven (JASCO), and commer-
cial columns (TSKgel SuperH3000 and TSKgel GMHXL) con-
nected in series. Polystyrene standards (Shodex) (1 mg ml™*,
0.6 ml min~") were employed and tetrahydrofuran for PTMCM-
VB while dimethylformamide for PTMCM-SU was used as an
eluent at 40 °C.

Contact angles

The static water contact angle of the coated substrates was
measured by a Flow Design CAM-004 (Tokai Hit TPX-S). Image
were taken after 40 pl DI water was dropped on the film surface
with three replicates at different locations to obtain the mean
value of the contact angle.

Laser scanning microscope

The morphology and roughness of the coated substrates
were measured using an Olympus LEXT OLS4100 3D laser
scanning microscope (horizontal: X-Y direction resolution of
0.12 pm; light source: 405 nm semiconductor laser; detector:
photomultiplier).
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Protein adsorption

Protein adsorption of the coated samples was examined using
bovine serum albumin (BSA) (Sigma, St. Louis, USA) with a
concentration of 4.5 mg ml~". The samples were soaked in 900
pm protein solution and incubated for 4 h at 37 °C. After
rinsing with PBS, the adsorbed protein was detached by
1 wt% n-sodium dodecyl sulfate (SDS) for 4 h. Bicinchoninic
acid (BCA) protein assay reagent was used as an indicator for
protein adsorption on the samples. UV measurement at 562 nm
for the protein on the sample surface was interpreted by an
absorbance microplate reader (MTP-310lab, Corona Electric)
based on the standard control and calibration curve of the
protein.

Thermal resistance

The thermal stability of the polymer was determined by a TGA-
50 thermo-gravimetric analyser (Shimadzu) under a nitrogen
atmosphere with 10 °C min~" flow rate at 500 °C. Differential
scanning calorimetry (DSC) spectra were also analysed by a
Hitachi DSC6200 in the atmosphere with temperature ramp
rate 10 °C min~ " in the range 70-200 °C.

Cell adhesion

The cell adhesion study was carried out by using L929 fibro-
blasts with SS as a substrate for all the polymer coatings.
Fluorescent staining with cell tracker green was used. Cells
were plated onto the sample surface at an initial density 4000
cells per cm? and cultured under a humidified atmosphere of
95% air and 5% CO, at 37 °C for 7 h. The samples were washed
with PBS and nutrient medium and the cells were observed
using a fluorescence microscope. The number of adherent cells
was counted using the fluorescent images obtained.

Results and discussion
Polymerization and post-modification

The synthetic route for vinyl aromatic TMC monomers is
depicted in Scheme 1 and the functionalized ester-free design
was conducted as previously reported.*® SU comprising a urea
moiety was selected for introduction into the PTMCM-VB side
chain to enhance the intermolecular interaction and bioactive
properties. In this study, post-modification by UV light
(365 nm) was used for irradiation with the aid of a DMPA
photo-initiator. The reaction was performed at room tempera-
ture, thus preventing any side reaction.

The reaction was monitored by "H NMR at time intervals of
30, 60, 120, and 240 min, as shown in Fig. 1a-d, respectively.
Resonance signals at 5.18-5.22, 5.75-5.80, and 6.65 ppm (Fig. 1)
were attributed to the vinyl group and slightly decreased in
intensity upon reaction time. Also, after SU modification, the
aromatic proton signal at 7.17-7.22 ppm, and 7.35-7.40 ppm in
Fig. 2c shifted to 7.17 ppm in Fig. 2b, indicating successful
modification of PTMCM-SU. The appearance of resonances at
2.53 ppm, 2.73 ppm, 3.12 ppm, 3.26 ppm, 5.52 ppm, and
6.02 ppm, which corresponded to the SU group, is also shown

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 H NMR spectra of PTMCM-VB modified with SU at specific time
points. (a) 240 min. (b) 120 min. (c) 60 min. (d) 30 min.

in Fig. 2b. To complete the conversion of the vinyl double bond
of PTMCM-VB and prevent consumption of active thiols as a
possible side reaction, a thiol-ene molar ratio of 10:1 was
used.’® A modification percentage of almost 100% was achieved
according to the "H NMR spectra. Excess of SU at resonances of
2.53 ppm, 2.73 ppm, 3.12 ppm, 3.26 ppm, 5.52 ppm, and
6.02 ppm was removed by dialysis after reaction, as shown in
Fig. 2. The polymers PTMC, PTMCM-VB and PTMCM-SU were
synthesized for comparison of their properties. The molecular
weights of PTMC, PTMCM-VB and PTMCM-SU are detailed in
Table 1. The molecular weight of non-functionalized PTMC was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of polymer PTMC, PTMCM-VB, and PTMCM-SU
properties

Entry Polymer Yield (%) M, PDI’ T, (°C)
1 PTMC* 91 6400 1.5 —29

2 PTMCM-VB* 88 5100 1.2 -11

3 PTMCM-SU? 22 7900 2.1 -2

¢ [M]:[C]:[I] = 100:10: 1. Initiator = 2,2-Dimethyl-1-propanol. Catalyst
= DBU. Solvent = THF. Methanol insoluble part. M,, determined by SEC
in THF with PS standards. ® Water insoluble part. M, determined by
SEC in DMF with PS standards. ¢ PDI was defined as M,,/M,,.

6400 g mol " with a PDI of 1.5 (Table 1, entry 1). The molecular
weights and PDI of PTMCM-VB (Table 1, entry 2) and after urea
post-modification with SU (Table 1, entry 3) were 5100 g mol "
and 1.2, and 7900 g mol " and 2.0, respectively. The increase in
molecular weight of the post-modified polymer demonstrates
that the SU had been incorporated into the side chain of PTMC
whereas the broadening of the polydispersity was possibly due
to either a side reaction for attachment of SU at different
positions on the vinyl or chain scission that occurred during
UV irradiation.

The chemical structures of PTMC, PTMCM-VB and PTMCM-
SU were also determined by FT-IR (Fig. 3a-c), respectively. The
significant wavenumbers for PTMC were at 2970 c¢m ',
1744 ecm™ ! and 1233 ecm™* which were attributed to the C-H,
C=0 and C-O stretching at the polymer backbone. After
introduction of the vinyl aromatic as PTMCM-VB, there was a
new peak at 1,645 cm ' represented as a C = C double bond
stretching vibration of the vinyl aromatic group. However, after
modification of PTMCM-VB with the thiol-urea, a new peak
appeared at 3337 cm ™' showing the frequencies of N-H stretch-
ing. Also, the C=O0 of the urea group appeared at 1651 cm
while the C-N stretching frequency was seen at 1557 cm ™ .
These observations lead to the conclusion that the vinyl aro-
matic and thiol-urea groups were successfully introduced. To
investigate the presence of hydrogen bonding, a thiol-urea
precursor was used to measure "H NMR (Fig. 2). Splitting peaks

Mater. Adv,, 2022, 3, 5778-5785 | 5781
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Fig. 3 FT-IR spectra of PTMC (a), PTMCM-VB (b), and PTMCM-SU (c).

were observed between 5.52-5.58 and 6.21-6.27 ppm, which
could be due to the hydrogen bonding between the amide and
carbonyl groups of SU. In the case of the modified polymer,
although the peaks were displayed in a broad range making it
difficult to observe clear splitting, they still showed an analo-
gous pattern.

Thermal stability

The thermal stability of non-functionalized PTMC usually has a
lower T, so its performance has been restricted even though it
has good biodegradability. For this reason, introduction of a
rigid functional group or using intermolecular bonding allows
us to overcome these limitations. Fig. 4 shows a comparison of
T, for PTMC, PTMCM-VB and PTMCM-SU, which were —29 °C,
—11 °C and —2 °C, respectively. Lizundia et al. reported that
ring-opening polymerization of a novel monomer, 2,3-dihydro-
5H-1,4-benzodioxepin-5-one (2,3-DHB), yielded a biodegradable
aliphatic polyester and that introducing an aromatic into the
polymer backbone resulted in exceptional thermal properties

) PTMC
T,=-29C
b) PTMCM-VB

T,=-11C
) PTMCM-SU

60 -50 -40 -30 -20 -10 O 10 20 30 40
Temperature (°C)
Fig. 4 DSC trace of PTMC (a), PTMCM-VB (b), and PTMCM-SU (c).
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with a T}, of nearly 27 °C.%° The results were similar to those of
Nobuoka et al. where the introduction of aromatic derivatives
into the side chain of PTMC yielded a T, of up to 1 °C.*” The
presence of an SU group in the side chain of PTMC further
improved Ty, suggesting the presence of self-association hydro-
gen bonding of the polymer chains.

This is supported by the findings of Shieh et al. who showed
that incorporating acrylic acid units into poly(N-isopro-
pylacrylamide) (PNIPAAm) tended to increase the T, due to
strong hydrogen bonding between the amide groups present in
the PNIPAAmM.>® Based on the results, the presence of aromatic
as well as thiol-urea groups was asserted to form m-m inter-
action and hydrogen bonding that restricted the polymer chain,
thus increasing T.

Surface morphology

The synthetic polymers PTMC, PTMCM-VB and PTMCM-SU
were spin-coated on a substrate to assess their suitability as
coating materials. Glass (12 mm diameter, 0.1 mm thickness),
SS (8 mm diameter, 0.1 mm thickness), and PE (8 mm dia-
meter, 1 mm thickness) were used as coating substrates. All the
polymers were dissolved in HFIP/DCM at a 1:1 ratio. The
roughness and surface morphologies were investigated by laser
scanning microscopy, as shown in Fig. 5. Based on the surface
morphologies, the surface on the substrate would not be fully
covered by the polymer using droplet solution. This could
possibly be due to polymer solutions behaving as viscous
solutions that are more resistant to deformation from the shear
forces of the spin coating process. Both PTMC and PTMCM-VB
had a homogeneous surface while PTMCM-SU showed slight
agglomeration on the substrate surface. This could be due to
solvent evaporation driving the concentration above the
solubility limit, leading to interaction of SU within the polymer
chains. The roughnesses of bare glass, SS and PE were 0.01 um,
0.055 pm and 0.169 pm, respectively. After coating, the

Fig. 5 Surface morphologies of glass (a), PTMC/glass (b), PTMCM-VB/
glass (c), PTMCM-SU/glass (d), SS (e), PTMC/SS (f), PTCM-VB/SS
(9, PTMCM-SU/SS (h), PE (i), PTMC/PE (j), PTMCM-VB/SS (k), and
PTMCM-SU/PE (1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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roughness increased to 0.188 pm, 0.093 um and 0.2 pm for
PTMC, 0.134 um, 0.079 um and 0.133 pum for PTMCM-VB, and
0.127 pm, 0.054 pm and 0.182 um for PTMCM-SU on the glass,
SS and PE, respectively.

Contact angle

Surface hydrophilicity may play an important role in the
biocompatibility of a material by causing quantitative protein
adsorption. The water contact angles of spin-coated polymers
on the glass, SS and PE respectively were determined, as shown
in Fig. 6. All the contact angles of the spin-coated polymers
were influenced by the substrate surface. For the control
groups, which were non-coated substrates of glass, SS and PE,
the contact angles were 45.3°+ 0.40, 87.4° £ 1.06 and 98.0° £
3.45, respectively. The bare glass possessed hydrophilic attri-
butes, while bare SS and PE gave hydrophobic surfaces. After
coating with the PTMC, the angles changed to 55.4° £ 2.74 for
glass, 65.20° + 1.00 for SS, and 73.0° &+ 0.44 for PE. Compared
to bare SS and PE, the PTMC coating was slightly hydrophilic.
This could possibly be attributed to the low molecular weight
and presence of a hydroxyl group in the end chain of the
polymer. However, the contact angle of the aromatic PTMCM-
VB coating was hydrophobic compared to PTMC, 62.4° £+ 0.65
for glass, 73.1° £ 0.86 for SS and 83.3° & 1.00 for PE due to the
presence of the aromatic group. Conversely, after introducing
the SU coating, the contact angle changed to 48.3° £+ 4.44 for
glass, 52.9° £ 0.54 for SS, and 59.5° + 2.25 for PE. In compar-
ison to bare SS and PE, the PTMCM-SU coating was hydrophilic.
Amino groups could have improved the hydrophilicity by
interacting with water molecules through hydrogen bonding.

Protein adsorption

Protein adsorption of a coating biomaterial is important for
determining its biocompatibility when exposed to the physio-
logical environment. It is believed that interaction between the
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Fig. 6 Contact angles of glass (a), PTMC/glass (b), PTMCM-VB/glass
(c), PTMCM-SU/glass (d), SS (e), PTMC/SS (f), PTCM-VB/SS (g), PTMCM-
SU/SS (h), PE (i), PTMC/PE (j), PTMCM-VB/SS (k), and PTMCM-SU/PE (1). (m)
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Fig. 7 Albumin (BSA) protein adsorption on glass (a), PTMC/glass (b),
PTMCM-VB/glass (c), PTMCM-SU/glass (d), SS (e), PTMC/SS (f), PTCM-
VB/SS (g), PTMCM-SU/SS (h), PE (i), PTMC/PE (j), PTMCM-VB/SS (k), and
PTMCM-SU/PE (l). (n = 4, *p < 0.5, **p < 0.1, ***p < 0.01).

proteins and biomaterials may mediate cellular adhesion that
affects the long-term performance of the medical device. Thus,
investigating the surface modification of a coating is a matter of
concern. Fig. 7 shows the protein behaviours in response to
PTMC, PTMCM-VB and PTMCM-SU on glass, SS and PE sub-
strates. Albumin, the major protein of human blood plasma,
was used in this study. The protein adsorptions of the non-
coated substrates of glass, SS and PE, which acted as control
groups, were 2.68 ug cm™ > + 0.002, 4.61 pg cm > + 0.002 and
5.10 pg cm™ > + 0.01, respectively. After coating with PTMC,
PTMCM-VB and PTMCM-SU, the protein adsorption was
4.43 ug cm > £ 0.38, 4.53 ug cm™ > + 1.46 and 5.38 ug cm >
+ 1.13 for the glass substrate, 4.39 pg cm > =+ 1.20,
7.13 ug em ? + 1.63 and 9.14 pug cm > 4 0.46 for the SS
substrate and 3.41 pg cm™ > £ 1.01, 5.05 pg cm™ > £ 0.94 and
5.94 pg cm ™2 + 1.24 for the PE substrate. The results for protein
adherence on each polymer were influenced by the substrate
type. This suggests the presence of areas not covered by the
polymer coating as seen in the morphologies shown in Fig. 5,
leading to exposure of the bare substrate with protein exposure.
Based on this result, there is a marked difference in protein
adsorption for PTMCM-SU, which is attributed to its high
affinity to adsorb protein compared to non-functionalized and
other PTMC derivatives used in this study. According to Arima
et al., the effects of surface functional groups such as amines
showed higher protein adsorption compared to CHz, OH and
COOH.*® The aggregation on the substrate could be a factor to
consider in a large, adsorbed amount of protein due to more of
the surface area of PTMCM-SU being accessible. Furthermore,
the effect of wettability could contribute to inducing favourable
conditions for protein adsorbed on the surface. Cells effectively
adhere onto a polymer surface with moderate wettability with
water contact angles of 40-70°. This is in line with our result as
the contact angles of PTMCM-SU were 53- 59°, and thus greater
protein interaction with the polymer surface is expected as
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SS(n=5* <05 **p < 0.1).

there is a correlation between cell adherence and protein
adsorption.

Cell adhesion

The L929 fibroblasts were cultured for up to 7 h on the polymer-
coated stainless steel (SS) substrate for the adhesion study
(Fig. 8). The cells were more adherent on the functionalized
PTMC-coated compared to non-functionalized PTMC and bare
SS. The cell adhesions for bare SS, PTMC/SS, PTMCM-VB/SS,
and PTMCM-SU were 812 + 106, 738 + 85, 1320 + 181, 1450 +
138 per cm?, respectively. There was a significant effect on cell
adherence after coating with PTMCM-VB and PTMCM-SU. Sur-
face chemistry, wettability, roughness, rigidity, etc., are prone
for better adhesion.*® The possible dominant factors could be
due to the rigidity of the aromatic ring, and specific hydrogen
bonding between the urea group of the polymer and the polar
groups of the cell surfaces.

Conclusions

In this study we report on the successful design and perfor-
mance of an ester-free PTMC derivative with an aromatic urea
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moiety, PTMCM-SU, for biomaterials coating. The PTMCM-SU was
effectively synthesized via postmodification of the vinyl aromatic
under UV irradiation. Induction of hydrogen bonding between the
polymer chains was investigated as well as its effect on the thermal
properties with an increase of Tj to —2 °C. The presence of amines
on the urea pendant tended to increase the hydrophilicity of
the modified polymer with contact angles from 48° to 59°. Besides,
the protein adsorption of PTMCM-SU showed high affinity to the
albumin on the surface in the range of 5.38 pg cm > to
9.14 pg cm . The cell adherence of PTMCM-SU showed better cell
adhesion compared to non-functionalized PTMC. As a result, the
synthetic polymer showed promise for use as a biomaterial in tissue
engineering and scaffold applications by promoting the bioactivity
of the material.
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