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In these years, we have investigated the syntheses of novel diamine and diol mono-
mers containing phosphorylcholine (PC) group to obtain biocompatible polymers,
the backbone components of which were thermally stable and mechanically strong.
In this study, the preparations of elastic copoly(ester-urethane)s containing PC group
and polycarbonate segment were carried out by polycondensation and polyaddition
using a diol monomer containing PC group and polycarbonate diol. It was found
that the obtained polymers exhibited the high-thermal stability up to 200 °C and the
elasticity derived from the soft segment. The introduction of PC group was effective
to improve the resistance to the adhesions of proteins and platelets on the polymer
films, which was the result of surface properties derived from the PC moiety. In
addition, we tried to prepare ultra-thin polymer films composed of copoly(ester-
urethane)s, so-called nanosheets. As a result, the desired nanosheets were success-
fully fabricated and the obtained nanosheets exhibited the high adhesive strength,
indicating that the nanosheets could conform closely to the desired surfaces due to
their exquisite flexibility and low roughness.

Keywords: phosphorylcholine; diol monomer; poly(ester-urethane); biocompatibility;
nanosheet

1. Introduction

Segmented polyurethanes have been widely used in practical applications for medical
devices due to their high mechanical strength and biocompatibility.[1,2] The several
studies of surface or chemically modified segmented polyurethanes have been con-
ducted to improve biostability by reducing the adhesion of cells and proteins.[3–7] In
addition, the phosphorylcholine (PC) group is a polar component of phospholipid
molecules, which cover the surface of cell membranes, and it has been well known that
synthetic polymer materials containing PC group exhibit biocompatibility including
non-thrombogenicity. Firstly, Ishihara et al. have been developed 2-methacryloyloxyethyl
phosphorylcholine (MPC) polymer as an excellent biocompatible material, which
efficiently reduces the adhesion of cells and proteins to the polymer surface.[8,9] Then, in
recent years, the MPC polymer has been widely applied in biological and medical fields.
Ishihara et al. have also investigated a polymer composite consisting of segmented
polyurethane and MPC polymer to reduce protein adsorption to the polymer surface and
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to improve the biocompatibility of segmented polyurethane.[10–15] In addition, Adhikari
et al. have reported the biodegradable polyurethanes containing PC moiety which was
prepared from a new monomer, dihydroxypolycaprolactone phosphorylcholine.[16] It
was described that a slow degradation and a very mild inflammatory response were
observed for the implantation of these polyurethanes into rats.

In these years, we have developed the syntheses of novel diamine and diol mono-
mers containing PC group to prepare the thermally stable and mechanically strong
polymers rather than MPC polymers. From these monomers, the preparations of polya-
mides, poly(urethane-urea)s, polyesters, and segmented polyurethanes containing PC
group have been carried out by polycondensation or polyaddition,[17–23] and it has
been found that these polymers exhibited the good biocompatibility and physical prop-
erties.[20] In fact, the amounts of platelets and proteins adhered on these polymer films
efficiently reduced as the increase of the content of PC unit in these polymers. On the
contrary, it was also found that the solubility of polyurethanes obtained from PC-diol
monomer and polycarbonate diol with diphenylmethane diisocyanate became poor as
the PC content increased.[22] It would be due to the high-molecular interaction
between the PC group in the side chain and the polar urethane bond in the main chain.
Accordingly, we have found that the introduction of ester bond in the main chain was
effective to improve the solubility of the obtained polymers.[23]

Therefore, in this study, the polycondensation of PC-diol monomer and polycarbon-
ate diol with terephthaloyl chloride (TPC) was carried out followed by the reaction with
4,4′-diphenylmethane diisocyanate (MDI) to obtain copoly(ester-urethane)s having the
higher PC content. Recently, Khan et al. reported that a potential application of poly
(carbonate-urethane) was as a long-term biomedical implant material due to its resis-
tance to biodegradation and its biocompatibility,[24] therefore, we selected polycarbon-
ate diol to construct the soft segment of copoly(ester-urethane)s. The effect of the main
chain structure on the solubility, the film-forming ability, and the physical properties of
the obtained polymers was investigated in detail.

On the other hand, the development of practical biomaterials will desire the collabo-
rations among chemists, biologists, and material scientists. We focused in the field of
nanotechnology, especially the processing for free-standing ultra-thin films consisting of
polymers with a thickness less than 100 nm (often called nanosheets), which exhibited
the unique properties such as high adhesive strength, flexibility, transparency, and
smoothness.[25] Using these properties, we have demonstrated that biodegradable nano-
sheets act as a novel wound dressing instead of traditional suture operation in surgery.
Recently, we have also revealed that fragmented nanosheets suspended in water can
adhere to not only flat surfaces but also to uneven surfaces.[26] If the nanosheets could
be fabricated from such PC-containing polymers, the applications as new biomaterials
would be significantly advanced, e.g. aqueous coating materials to provide blood com-
patible surfaces. Then, we attempted to prepare the nanosheets from the obtained co-
poly(ester-urethane)s and to investigate the physical properties and the biocompatibility
of the nanosheet surface.

2. Materials and methods

2.1. Materials

PC-containing diol monomer, 2-(3,5-bis(2-hydroloxyethoxy)benzoyloxy)ethyl phospho-
rylcholine (BHPC), was synthesized according to the procedure described in our
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previous report.[22] MDI, polycarbonate diol (PCD, Mn = 1000, m = 6), were kindly
supplied from Nippon Polyurethane Industry Co., Ltd (Tokyo, Japan) and Asahi Kasei
Co. (Tokyo, Japan), respectively. TPCs and 1,3-bis(2-hydroxyethyl)benzene (BHE)
were purchased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan), and triethylene
glycol (TEG) was purchased from Sigma-Aldrich Japan (Tokyo, Japan). The monomer
compounds, BHPC, PCD, BHE, and TEG were dried in vacuo at 80 °C for 6 h before
the polymerization reactions. Anhydrous N-methylpyrrolidone (NMP) was purchased
from Sigma-Aldrich Japan as a solvent for polymerization, and used without further
purification. Fibrinogen from bovine plasma and poly(ethylene terephthalate) (PET)
plate for cell culture were purchased from Wako Pure Chemical Industries, Ltd (Osaka,
Japan). Poly(vinyl alcohol) (PVA, Mw = 22,000, 89% hydrolyzed) was obtained from
Kanto Chemical Co. (Tokyo, Japan).

2.2. Synthesis

2.2.1. Preparation of homopolyester (HPEPC)

Under an argon atmosphere, BHPC (0.80 g, 1.78 mmol) and terephthaloyl chloride
(0.36 g, 1.78 mmol) were mixed in 8.0 mL of NMP at −78 °C. The mixture was stirred
for 67 h with increasing the temperature to room temperature (rt). Then, the mixture
was poured into excess tetrahydrofuran (THF) to precipitate the polymer, and it was fil-
tered and purified by reprecipitation from its NMP solution to excess THF. Finally, the
product was dried in vacuo to obtain HPEPC as a brown solid. Yield: 1.01 g (87.0%).

1H NMR, δ (400MHz, DMSO-d6, ppm): 3.09 (–N+(CH3)3, m), 3.57 (–POCH2CH2N–,
m), 4.11 (–OCH2CH2OPh–, m), 4.22 (–COOCH2CH2OP–, m), 4.37 (–POCH2CH2 N–,m),
4.59 (–OCH2CH2OPh–, –COO–CH2CH2OP–, m), 6.94 (–Ph–, m), 7.11 (–Ph–, m), 8.03
(–Ph–, m).

IR, υ (KBr, cm−1): 2955, 2880, 1720 (C=O), 1597, 1493, 1450, 1408, 1373, 1269
(P=O), 1165, 1126, 1099, 729.

2.2.2. Preparations of copoly(ester-urethane)s (PEUPC-a, PEU-1)

Under an argon atmosphere, BHPC (0.97 g, 2.16 mmol), PCD (2.16 g, 2.16 mmol), and
TPC (0.44 g, 2.16 mmol) were mixed in 6.0 mL of NMP at −78 °C. The mixture was
stirred for 24 h with increasing the temperature to rt. Then, the solution containing
MDI (0.54 g, 2.16 mmol) in 2.5 mL of NMP was gradually added to the mixture at rt.
After the mixture was stirred at 50 °C for 38 h. The mixture was poured into excess
methanol to precipitate the polymer, and it was filtered and purified by reprecipitation
from its chloroform solution to excess methanol. Finally, the product was dried in
vacuo to afford PEUPC-a as a brown solid. Yield: 2.43 g (59.7%).

1H NMR, δ (400MHz, DMSO-d6, ppm): 1.28 (–OCH2CH2CH2CH2CH2CH2OCO–, m),
1.55 (–OCH2CH2CH2CH2CH2CH2OCO–, m), 3.08 (–N+(CH3)3, m), 3.42 (–POCH2CH2N–,
m), 3.75 (–Ph–CH2–Ph–, bs), 4.01 (–OCH2CH2OPh–, –OCH2CH2CH2CH2CH2CH2–
OCO–, m), 4.15 (–COOCH2CH2OP–, m), 4.24 (–PO–CH2CH2N–, m), 4.36 (–OCH2-
CH2OPh–, –COOCH2CH2–OP–, m), 6.83 (–Ph–, m), 7.08 (–Ph–, m), 7.33 (–Ph–, m), 8.04
(–Ph–, m), 9.48 (–NHCOO–, bs), 9.70 (–NHCOO–, bs).

IR, υ (Film, cm−1): 3500 (N–H), 2938, 2868, 2310, 1734 (C=O), 1716, 1597,
1541, 1375, 1346 (P=O), 1242, 1115, 1067, 876, 729.
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In the above polymerization reaction, BHE was used instead of BHPC, and the sim-
ilar reactions and the reprecipitation from its THF solution to excess methanol were
carried out to afford PEU-1 as a white powder. Yield: 6.54 g (80.8%).

1H NMR, δ (400MHz, DMSO-d6, ppm): 1.28 (–OCH2CH2CH2CH2CH2CH2OCO–,
m), 1.54 (OCH2CH2CH2CH2CH2CH2OCO–, m), 3.75 (–Ph–CH2–Ph–, bs), 4.01
(–OCH2CH2OPh–, –OCH2CH2CH2CH2CH2CH2OCO–, m), 4.36 (–OCH2CH2OPh–,
m), 6.54 (–Ph–, m), 7.06 (–Ph–, m), 7.35 (–Ph–, m), 8.04 (–Ph–, m), 9.45 (–NHCOO–,
bs), 9.67 (–NHCOO–, bs).

IR, υ (Film, cm−1): 3342 (N–H), 2937, 2862, 1736 (C=O), 1718, 1597, 1531,
1458, 1240, 1184, 1066, 1018, 961, 790.

2.2.3. Preparation of copoly(ester-urethane) (PEUPC-b)

Under an argon atmosphere, BHPC (1.04 g, 2.32 mmol), PCD (1.85 g, 1.85 mmol),
BHE (91.9 mg, 0.464 mmol), and TPC (0.471 g, 2.32 mmol) were mixed in 7.0 mL of
NMP at −78 °C. The mixture was stirred for 24 h with increasing the temperature to rt.
Then, the solution containing MDI (0.640 g, 2.32 mmol) in 2.3 mL of NMP was gradu-
ally added to the mixture at rt. After the mixture was stirred at 50 °C for 42 h. The
mixture was poured into excess methanol to precipitate the polymer, and it was filtered
and purified by reprecipitation from its chloroform solution to excess methanol. Finally,
the product was dried in vacuo to afford PEUPC-b as a brown solid. Yield: 3.41 g
(86.0%).

1H NMR, δ (400MHz, DMSO-d6, ppm): 1.29 (–OCH2CH2CH2CH2CH2CH2OCO–, m),
1.56 (–OCH2CH2CH2CH2CH2CH2OCO–, m), 3.08 (–N+(CH3)3, m), 3.54 (–POCH2CH2N–,
m), 3.77 (–Ph–CH2–Ph–, bs), 4.03 (–OCH2CH2OPh–, –OCH2CH2CH2CH2CH2CH2–
OCO–, m), 4.17 (–COOCH2CH2OP–, m), 4.27 (–PO–CH2CH2N–, m), 4.38 (–OCH2-
CH2OPh–, –COOCH2CH2–OP–, m), 4.62 (–OCH2CH2OPh–, m), 6.53 (–Ph–, m), 6.83
(–Ph–, m), 7.08 (–Ph–, m), 7.34 (–Ph–, m), 8.05 (–Ph–, m), 9.49 (–NHCOO–, bs), 9.71
(–NHCOO–, bs).

IR, υ (Film, cm−1): 3447 (N–H), 2976, 2857, 2625, 2315, 1699 (C=O), 1341, 1319
(P=O), 1126, 1109, 1041, 874, 837.

2.2.4. Preparations of copoly(ester-urethane)s (PEUPC-c, PEU-2)

Under an argon atmosphere, BHPC (1.21 g, 2.67 mmol), PCD (2.14 g, 2.14 mmol),
TEG (80.4 mg, 0.535 mmol), and TPC (0.543 g, 2.67 mmol) were mixed in 8.0 mL of
NMP at −78 °C. The mixture was stirred for 24 h with increasing the temperature to rt.
Then, the solution containing MDI (0.669 g, 2.67 mmol) in 2.7 mL of NMP was gradu-
ally added to the mixture at rt. After the mixture was stirred at 70 °C for 24 h. The
mixture was poured into excess methanol to precipitate the polymer, and it was filtered
and purified by reprecipitation from its chloroform solution to excess methanol. Finally,
the product was dried in vacuo to afford PEUPC-c as a brown solid. Yield: 2.54 g
(56.2%).

1H NMR, δ (500MHz, DMSO-d6, ppm): 1.28 (–OCH2CH2CH2CH2CH2CH2OCO–, m),
1.54 (–OCH2CH2CH2CH2CH2CH2OCO–, m), 3.15 (–N+(CH3)3, m), 3.60 (–POCH2CH2

N–, m), 3.75 (–Ph–CH2–Ph–, bs), 4.01 (–OCH2CH2OPh–, –OCH2CH2CH2CH2CH2CH2–
OCO–, –OCH2CH2O–, m), 4.15 (–COOCH2CH2OP–, m), 4.24 (–PO–CH2CH2N–, m), 4.36
(–OCH2CH2OPh–, –COOCH2CH2–OP–, m), 6.83 (–Ph–, m), 7.08 (–Ph–, m), 7.33 (–Ph–,
m), 8.04 (–Ph–, m), 9.50 (–NHCOO–, bs), 9.70 (–NHCOO–, bs).
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IR, υ (Film, cm−1): 3313, 3294 (N–H), 2932, 2857, 2309, 1734 (C=O), 1717,
1595, 1595, 1348, 1341 (P=O), 1308, 1171, 1061, 731, 683.

In the above polymerization reaction, BHE was used instead of BHPC, and the sim-
ilar reactions and the reprecipitation from its THF solution to excess methanol were
carried out to afford PEU-2 as a white powder. Yield: 6.60 g (84.6%).

1H NMR, δ (500MHz, DMSO-d6, ppm): 1.28 (–OCH2CH2CH2CH2CH2CH2OCO, m),
1.54 (OCH2CH2CH2CH2CH2CH2OCO–, m), 3.75 (–PhCH2–Ph–, bs), 4.01 (–OCH2-
CH2OPh–, –OCH2CH2CH2CH2CH2CH2OCO–, –OCH2CH2O–, m), 4.36 (–OCH2-
CH2OPh–, m), 6.54 (–Ph–, m), 7.06 (–Ph–, m), 7.35 (–Ph–, m), 8.04 (–Ph–, m), 9.45
(–NHCOO–, bs), 9.67 (–NHCOO–, bs).

IR, υ (Film, cm−1): 3337 (N–H), 2938, 2862, 1736 (C=O), 1707, 1597, 1530,
1404, 1240, 1184, 1161, 1069, 1018, 963, 853.

2.3. Characterizations of polymers
1H NMR spectra were conducted with a JEOL NM-TH5SK FT NMR spectrometer
(400MHz, JEOL Ltd, Tokyo, Japan) or a Bruker Advance AV500 FT NMR spectrome-
ter (500MHz, Bruker BioSpin Co., Kanagawa, Japan), and the chemical shifts were
estimated in ppm units with tetramethylsilane as an internal standard. Infrared (IR)
spectra were recorded with a Shimadzu FTIR-8400 spectrometer (Shimadzu Co.,
Kyoto, Japan). The molecular weights of polymers were estimated with a Tosoh gel
permeation chromatography (GPC) system equipped with four columns of TSK gels,
Multipore HXL-M, and RI detector of RI-8010 using DMF as an eluent. The average
molecular weights were calibrated based on polystyrene standards.

Differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA)
were carried out on DSC-6200 and TG/DTA-6200 (Seiko Instruments Inc., Chiba,
Japan), respectively, at a heating rate of 10 °C/min under a nitrogen atmosphere. The
surfaces of the polymer films were analyzed with a Quantum 2000 X-ray photoelectron
spectroscope (ULVAC-PHI Inc., Kanagawa, Japan), where the take-off angle of photo-
electrons was adjusted to be 90°.

2.4. Measurements of stress–strain behavior

The obtained polymers were dissolved in chloroform or THF and then the solution
(8–10 wt.%) was poured on Teflon sheet. The solvent was removed at rt for 3 days under
its vapor atmosphere. The obtained films were then dried in vacuo at 70 °C for
overnight, and the self-standing films were obtained. Then, the polymer films were cut
into rectangular strips with a length of 40 mm, a width of 10 mm, and a thickness of
0.15–0.20 mm. Stress–strain curves were obtained on JSV-H1000L equipped with
HF-10 (Japan Instrumentation System Co., Ltd, Nara, Japan), where the gauge length
was 20 mm and the cross-head speed was 0.2 mm/s. The three films of each sample were
used to determine the average values of Young’s modulus, tensile strength, and
elongation to break.

2.5. Quantitative analysis of protein adsorbed to the coated films

The polymer solutions dissolved in DMSO (10 mg/mL) were spin coated three times
on both the sides of PET plate with a diameter of 14 mm. The polymer-coated PET
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plates were immersed in phosphate-buffered saline (PBS, pH 7.4) at rt for 15 h to equil-
ibrate the surface, and incubated at 37 °C for 2 h in PBS solution containing fibrinogen
(5 mg/mL). After 2 h, the plates were removed from the solution and rinsed in excess
distilled water to remove non-adsorbed proteins. The plates were then immersed in a
1.0 wt.% aqueous solution of sodium dodecyl sulfate (SDS) to remove the adsorbed
proteins. The concentration of fibrinogen in the SDS solution was estimated with a
Micro BCATM Protein Assay kit (Thermo Fisher Scientific Co., Ltd, Kanagawa, Japan),
and the amount of adsorbed proteins on the polymer-coated PET plates was determined
based on the absorbance at a wavelength of 550 nm in a protein dilution system using
a Benchmark microplate reader (Bio-Rad Laboratories, Inc., Tokyo, Japan).

2.6. Platelet adhesion test

A 10% volume of 3.8% (w/v) sodium citrate solution was added to blood withdrawn
from healthy volunteers according to the guidelines approved by the Ethical Committee
of the Tokai University. The blood was centrifuged (120 g, 15 min, rt) and platelet-rich
plasma (PRP) in the supernatant was collected. PET plates (14 mmϕ in diameter) coated
with the polymers were incubated overnight in PBS (pH 7.4). The PET plates were
immersed into 0.5 mL of PRP and incubated at 37 °C for 2 h. Finally, PRP was
removed and the substrates were gently washed with PBS three times. The surface of
the plates was observed by a scanning electron microscope (SEM, FE-SEM S-4800,
Hitachi High-technologies, Co., Tokyo, Japan), where the acceleration voltage was
3 kV and the magnification was 2000-folds.

2.7. Fabrication of polymer nanosheets

Polymer nanosheets were essentially fabricated as described previously.[24] In order to
produce a water-soluble sacrificial layer, an aqueous solution of 100 mg/mL PVA was
dropped on a silicon oxide (SiO2) substrate (KST World Co., Fukui, Japan) and then
spin coated at 4000 rpm for 20 s, followed by a drying step at 70 °C for 90 s. Following
the same procedure, the PVA-coated SiO2 substrate was then coated with 10 mg/mL
polymer solutions dissolved in chloroform or THF. The substrates were immersed in
distilled water at rt to obtain free-standing nanosheets. Then, the obtained nanosheets
were washed several times with distilled water to completely remove the PVA.

2.8. Measurement of adhesive strength of nanosheet

The adhesive strength of nanosheets was measured by a scratch tester for thin films
(model CSR-2000, Rhesca Co., Tokyo, Japan). The procedure in brief was as follows:
a diamond tip at a radius of curvature of 25 μm was continuously and vertically loaded
at a rate of 10 mN/min, and used to horizontally scratch the polymer nanosheets read-
sorbed on the SiO2 substrate (scratch length: 100 μm, scratch rate:10 μm/s). The signal
of frictional vibration just after detaching the nanosheet was detected (designated a crit-
ical load). Then, the critical loads of nanosheets were measured with changing thick-
ness from 40 to 600 nm and corrected the critical loads divided by the thickness. The
critical loads were measured in triplicate.
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3. Results and discussion

3.1. Syntheses and characterizations of copoly(ester-urethane)s

The syntheses of copoly(ester-urethane)s were carried out by the polycondensation of
BHPC, PCD, and the another diol monomer with TPC to obtain the oligomer of poly-
ester in the first step, followed by the addition of MDI as a chain extender. Three dif-
ferent types of copoly(ester-urethane)s were prepared, one of which consisted of two
monomer units derived from BHPC and PCD (PEUPC-a), and the others of which con-
sisted of three monomer units derived from BHPC, PCD, and BHE or TEG (PEUPC-b
and PEUPC-c), as shown in Scheme 1. In these polymerizations, the monomer ratio of
BHPC was fixed at 50 mol%, because it was found that the suitable content of the PC
unit was nearly 30 wt.% for the biocompatibility, in the case of polyurethanes contain-
ing PC unit obtained by the polyaddition of BHPC and PCD with MDI.[21] Further-
more, the copoly(ester-urethane)s, PEU-1 and PEU-2, without PC unit were prepared
as reference samples by the similar polymerization of PCD, BHE, and TEG with TPC
and MDI. On the other hand, the homopolyester, HPEPC, was prepared as a reference
polymer according to the same procedure in our previous paper.[22]

The compositions and molecular weights of the obtained copoly(ester-urethane)s are
summarized in Table 1. The chemical structures of these copolymers were confirmed
by 1H NMR and IR spectra, as described in the experimental section. Compositions of
the PC units in copolymers were determined from the ratio of the peak intensities of
the methyl protons of ammonium group in the PC moiety (3.08–3.15 ppm) and methy-
lene protons of polycarbonate unit (1.28–1.54 ppm), which existed in each monomer
component. The ratio of ester and urethane bonds in the main chain was determined
from the ratio of the peak intensities of the protons on the aromatic ring of TPC com-
ponent (8.04–8.05 ppm) and the protons on the phenylene unit of MDI component
(7.33–7.35 ppm). As shown in Table 1, the mass contents of the PC units in the
copolymers could be controlled in the range of 27–28 wt.%. On the other hand, the
molecular weights of the obtained polymers seemed to be very high, most of which
were over 4 × 105 as listed in Table 1. It is considered that these values must be higher
than the real molecular weights. It was assumed that the molecular chain of these
copolymers would be fully extended in DMF and result in a very large free volume of
molecules in such a polar solvent, although the absolute molecular weight should be
measured by, for example, a light scattering method. The similar tendency of the high
molecular weights was also observed in the GPC results of segmented polyurethanes
containing PC component.[22]

The solubility of copolymers is listed in Table 2. The obtained polymers were insol-
uble in ethanol and water, and PEUPC-a, PEUPC-b, and PEUPC-c exhibited good solu-
bility in chloroform and aprotic polar solvents, such as DMSO, NMP, and DMF. On the
other hand, PEU-1 and PEU-2 were insoluble in chloroform but soluble in THF. The
PEUPC series showed the better solubility than HPEPC, which was soluble only in
NMP and DMSO. It was speculated that a large content of the polar PC group in the
side chain would have a strong interaction with the polar bond in the main chain, which
would make a polycondensation-type polymer insoluble even in aprotic polar solvents.

3.2. Thermal property of polymers

The thermal properties of these copolymers were evaluated by DSC and TGA. The
DSC curves of the copolymers are shown in Figure 1. In the DSC thermograms, the
glass transition temperature (Tg) was observed in the range between −38 and −35 °C
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Table 1. Results of polymerizations.

Code
Molar ratio of monomers PC contentb

Mn
c × 10−3 Mw/Mn

c

BHPC/PCD/BHE/TEGa (mol%) (wt.%)

HPEPC 100/0/0/0 100 100 – –
PEUPC-a 50/50/0/0 49 27 421 1.66
PEUPC-b 50/40/10/0 49 28 65.7 2.00
PEUPC-c 50/40/0/10 50 28 767 1.73
PEU-1 0/50/50/0 0 0 501 1.61
PEU-2 0/40/50/10 0 0 615 1.44

aBHPC：2-(3,5-bis(2-hydroxyethoxy)benzoyloxy)ethyl phosphorylcholine, PCD：polycarbonate diol (Mn = ca.
1000), BHE：1,3-bis(2-hydroxyethoxy)benzene, TEG: triethylene glycol.
bPC content was calculated from the ratio of peak intensities in 1H NMR spectra.
cNumber-average and weight-average molecular weights (Mw and Mn) were estimated by GPC using DMF as an
eluent.

Table 2. Solubility of polymers.

Code

Solubilitya

Water Ethanol Chloroform THF NMP DMAc DMF DMSO

HPEPC × × × × ○ × × ○
PEUPC-a × × ○ ○ ○ ○ ○ ○
PEUPC-b × × ○ × ○ ○ ○ ○
PEUPC-c × × ○ × ○ ○ ○ ○
PEU-1 × × × ○ ○ ○ ○ ○
PEU-2 × × × ○ ○ ○ ○ ○
aThe concentration of the solubility test was 1.0 wt.% in each solvent.
Note: Symbol: ○: Soluble, ×: Insoluble.

Figure 1. DSC curves of the second heating scan of copolymers at a heating rate of 10 °C/min
in N2 flow.
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for the every copolymers in the PEUPC and PEU series. It would be due to the glass
transition of the soft segment, polycarbonate unit, in these copolymers.[27,28] The
other transition or the melting temperature was not observed in the range between 0
and 200 °C for every copolymers, which suggested that the glass transition of the main
chain component in these copoly(ester-urethane)s was over 200 °C. On the contrary, in
the case of HPEPC, the melting temperature (Tm) was observed at around 96 °C.

From TGA curves of these polymers, it was found that the weight loss of HPEPC
and PEUPC series started at 200–230 °C as shown in Figure 2, whereas that of PEU-1
started over 300 °C. Therefore, it was speculated that the weight loss of the PC-contain-
ing copolymers would derived from the degradation of the polymer side chain, which
contained PC groups or spacer moieties. The heat resistance of these PC-containing co-
poly(ester-urethane)s until 200 °C would be sufficient for the use in medical devices,
for example, for thermal sterilization processes above 150 °C. These results demonstrate
that PC-containing copoly(ester-urethane)s possess similar thermal stability to PC-con-
taining polyamides and polyurethanes, the properties of which were reported in our pre-
vious papers.[20–23]

3.3. Physical properties of polymer films

3.3.1. Surface property

The surface structures of polymer films were analyzed by X-ray photoelectron spectros-
copy (XPS). The XPS spectra based on P2p and C1s of the PC-containing polymers,
HPEPC, PEUPC-a, PEUPC-b, and PEUPC-c, are shown in Figure 3. Then, the atomic
percentages of the polymer film surfaces based on the XPS analysis are summarized in
Table 3. As shown in this table, it was found that the P2p percentage of HPEUPC sur-
face (0.97%) was obviously higher than those of PEUPC series, where the P2p percent-
ages of PEUPC-a, b, and c were almost same at 0.40–0.46%. Therefore, it was
confirmed that the PC concentrations on the film surfaces depended on the PC contents
of the polymers.

Figure 2. TGA curves of polymers at a heating rate of 10 °C/min in N2 flow.
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On the other hand, the static contact angles of water on the film surfaces of
HPEPC, PEUPC-a, PEUPC-b, and PEUPC-c were observed at 51°, 88°, 91°, and 91°,
respectively, whereas that of the PEU-1 film was observed at 101°. HPEPC film was
prepared by coating its DMSO solution on the PET substrate, because the casting film
of HPEPC was brittle and inflexible. Obviously, the contact angle of water on the
HPEPC surface was smaller than those of PEUPC-a, PEUPC-b, and PEUPC-c, which
would be due to the higher content of the polar PC groups in the HPEPC film surface
rather than PEUPC series. Therefore, it was suggested that the PC moiety exerts to
some extent on the film surfaces of the HPEPC and PEUPC series.

3.3.2. Mechanical property

The stress–strain behaviors of copoly(ester-urethane) films were evaluated to reveal the
effect of the main chain structure and the composition in these copolymers on the
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Figure 3. XPS spectra of the films composed of HPEPC, PEUPC-a, PEUPC-b and PEUPC-c.

Table 3. Atomic percentages of the polymer film surfaces determined by XPS analysis.

C1s N1s O1s P2p

HPEPC 65.9 0.58 32.6 0.97
PEUPC-a 69.1 1.03 29.4 0.46
PEUPC-b 68.8 2.91 27.9 0.46
PEUPC-c 69.9 0.80 28.9 0.40
PEU-1 73.3 1.09 25.5 –
PEU-2 71.9 0.81 27.3 –
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mechanical properties. For these experiments, PEUPC-a, PEUPC-b, PEUPC-c, PEU-1,
and PEU-2 were used as film samples. Figure 4 shows the typical stress–strain behavior
of the copolymer films, and the Young’s modulus, the tensile strength, and the elonga-
tion to break are summarized in Table 4, which are the average values of each three
films.

As shown in Figure 4, these copolymer films underwent a large elongation from
400 to 900%, which appeared to have rubber-like elasticity. These stress–strain behav-
iors were similar to those of polyurethanes containing polycarbonate as the soft seg-
ment, which was described in the literature.[27–30] In particular, the large elongations
were observed for the films of PEUPC-a and PEU-1, which would be due to the high
content of soft segments of polycarbonate units above 70 wt.%. The films of PEUPC-b
and PEUPC-c possessed the higher Young’s moduli than PEUPC-a film. Therefore, the
Young’s modulus increased with the addition of comonomer component, BHE or TEG,
which resulted in the decrease of the soft polycarbonate component. Thus, the introduc-
tion of a m-phenylene or tri(ethylene oxide) unit in the main chain instead of soft seg-
ments induced the higher Young’s moduli and the tensile strength in these films. The
effects of composition of the copolymers on the mechanical properties are in good
agreement with our previous results of poly(urethane-urea)s and polyurethanes contain-
ing PC moieties.[19–22]
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Figure 4. Stress–strain curves of polymer films.

Table 4. Mechanical properties of polymer films.

Code Young’s modulus (MPa) Tensile strength (MPa) Elongation (%)

PEUPC-a 5.87 ± 0.14 4.43 ± 0.26 878 ± 100
PEUPC-b 106 ± 22 15.0 ± 2.36 371 ± 31
PEUPC-c 101 ± 35 32.8 ± 3.51 645 ± 92
PEU-1 10.0 ± 1.39 23.8 ± 1.13 870 ± 98
PEU-2 12.9 ± 0.21 30.5 ± 0.85 737 ± 65
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3.4. Biocompatibility of polymer surface

For the preliminary evaluation of biocompatibility, we tested whether fibrinogen, which
is involved in platelet thrombus formation,[31] adsorbs onto the copoly(ester-urethane)
films coated on PET plates. To this end, the films (HPEPC, PEUPC-a, PEUPC-b, and
PEUPC-c) were immersed in the solutions of fibrinogen for 2 h and the amount of
adsorbed fibrinogen was quantified as shown in Figure 5. As reference samples, PEU-1
and PEU-2 without PC moieties, and PET plate were used.

As shown in Figure 5, the protein adsorption was significantly suppressed on the
film surfaces of the HPEPC and PEUPC series compared with PEU-1, PEU-2, and
PET due to the effect of PC moieties in the polymers. We expected at first that the pro-
tein adsorption on the surface of HPEPC would be the lowest because of its highest
content of PC unit. However, it was found that the protein adsorption of the PEUPC-a
surface was lower than that of the HPEPC surface, and those of PEUPC-b and PEU-
PC-c were higher than that of HPEPC. Therefore, the reduction effects of protein
adsorptions of these PC-containing polymers would be in the similar level. In addition,
it was considered that the surface morphology of PEUPC-a film would be suitable for
the reduction of protein adsorption in these PC-containing polymers, where the highest
reduction effect of PEUPC-a related to the higher intensity of XPS spectrum of P2p
peak in PEUPC-a as compared with those in PEUPC-b and PEUPC-c. Furthermore, it
was considered that the difference in the amount of absorbed protein on PEUPC-b and
PEUPC-c films related to that on PEU-1 and PEU-2 films.

The blood compatibility of these polymers was also evaluated by contacting the
copolymers-coated films on PET plates with human PRP for 2 h. The results are shown
in Figure 6. In the case of HPEPC, PEUPC-a, PEUPC-b, and PEUPC-c, the adhered
platelets and the fibrin clotting clearly decreased as compared with PEU-1, PEU-2, and
PET plate. In particular, it was estimated that the blood compatibility of PEUPC series
was similar to that of HPEPC, because the amounts of adhered platelets on these

Figure 5. Amount of adhered fibrinogen on polymer films after contact with fibrinogen solution
for 2 h.
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PC-containing polymer surfaces were almost same as shown in Figure 6. The tendency
of the platelet adhesion of these polymers was in good agreement with the results of
protein adsorption and the peak intensity in the XPS analysis. Consequently, it was
assumed that a PC content of ca. 30 wt.% would be sufficient to reduce the adhesion
of protein and platelets for these PC-containing copoly(ester-urethane)s. The biocompat-
ibility of these polymers was very similar to that of PC-containing segmented polyure-
thanes as described in our previous paper.[22]

3.5. Fabrications of ultra-thin films (nanosheets)

We attempted to prepare ultra-thin films, so-called nanosheets, from PC-containing
copoly(ester-urethane)s using the procedure reported by Okamura et al. [25]. The
fabrication of a polymer nanosheet is illustrated in Figure 7(A). PVA was used as a
water-soluble sacrificing film, and a polymer solution dissolved in chloroform was cast
on the substrate previously spin coated with PVA solution and dried. Then, the double-
layered substrate was immersed in water to obtain easily a self-standing nanosheet after
PVA was dissolved in water. The macroscopic images of the obtained nanosheets of
PEU-1, PEU-2, PEUPC-a, PEUPC-b, and PEUPC-c are shown in Figure 7(B). The
resulting films were flexible and transparent. Especially, PEUPC-a nanosheet was more
flexible than PEUPC-b and PEUPC-c nanosheets, which was the similar tendency as
described in the stress–strain behaviors of these films. As shown in the images of
Figure 7(B), these nanosheets composed of the elastic polymers had a tendency to

HPEPC PEUPC-a

PEUPC-b PEUPC-c

PET substrate PEU-1 PEU-2

Figure 6. SEM images of polymer surfaces after contact with human PRP for 2 h at 37 °C.
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shrink after immersing the spin-coated substrates in water. Probably, the polymer thin
films would be extended by the centrifugal force in the spin coating, and the films
shrunk by their elasticity after released from the substrate. This tendency was not
observed in the fabrications of nanosheets from non-elastic polymers.[25]

In this procedure, the thickness of the obtained nanosheets could be controlled by
changing the concentration of polymer solution. For example, the PEUPC-a nanosheets
with the thickness of 35, 125, and 588 nm were obtained from its chloroform solutions
with the concentration of 10, 20, and 40 mg/mL, respectively. Then, we explored the
adhesive strength attached on SiO2 substrate using a novel scratch tester for thin
films.[32] When the thickness was below 100 nm, the adhesion strength was signifi-
cantly increased, which indicates that the nanosheet with a large contact area could
conform to the substrate surface because of its exquisite flexibility and low roughness

PVA  

Polymer nanosheets 

SiO2

Suspended in water  

SiO2

PVA solution 

(4,000 rpm, 20 s) 

Polymer  
Polymer solution 

(4,000 rpm, 20 s) 

PEUPC-a PEUPC-b PEUPC-cPEU-1 PEU-2

(A)

(B)

Figure 7. Fabrication of free-standing nanosheet. (A) Fabrication of a PEUPC series nanosheet
by the simple combination of spin-coatings of PVA and polymers. (B) Macroscopic images of
the nanosheets composed of PEU-1, PEU-2, PEUPC-a, PEUPC-b, and PEUPC-c with a thickness
of 45, 42, 35, 46, and 45 nm, respectively, which were suspended in water. (Size of SiO2

substrate: 3 × 3 cm2.)

PEUPC-a nanosheet

PET substrate

PEUPC-b nanosheet PEUPC-c nanosheet

PEU-1 nanosheet

Figure 8. SEM images of nanosheet-coated surfaces on PET substrates after contact with human
PRP for 2 h at 37 °C.
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as described in the literature.[25] The adhesive strengths of the nanosheets prepared
from PEUPC-a, PEUPC-b, PEUPC-c, PEU-1, and PEU-2 were in the values of 1.70 ×
105 N/m (thickness: 35 nm), 7.50 × 104 N/m (thickness: 46 nm), 9.55 × 104 N/m
(thickness: 45 nm), 3.20 × 104 N/m (thickness: 72 nm), and 8.30 × 104 N/m (thickness:
62 nm), respectively. Consequently, the greatest benefit of the nanothickness is the high
potential to adhere.

Furthermore, the blood compatibility of the nanosheet-coated surfaces on PET
plates was evaluated as shown in Figure 8. Obviously, the reduction of platelet adhe-
sion was observed in these images, where few platelets are adhered. Therefore, it was
confirmed that the blood compatibility of the PC-containing copoly(ester-urethane)s
was maintained in the surface of the ultra-thin films.

4. Conclusions

Copoly(ester-urethane)s containing PC group and polycarbonate segment were success-
fully synthesized, and it was found that the obtained polymers exhibited the high thermal
stability up to 200 °C and the elasticity derived from the soft segment. The heat resistance
of these polymers would be sufficient for the thermal sterilization processes. It was also
found that the introduction of comonomers to construct the hard segment was effective to
improve the mechanical strength and the elasticity of polymer films. The introduction of
such a polar phospholipid group was effective to improve the resistance to the adhesions
of proteins and platelets on the polymer film, which was the result of surface properties
derived from the PC moiety. On the other hand, the ultra-thin films (nanosheet) could be
successfully fabricated from the PC-containing copoly(ester-urethane)s by spin-coating
method. It was revealed that the obtained nanosheets showed the flexibility, the high
adhesive strength, and the blood compatibility. On the other hand, Okamura et al. have
reported that the dispersion of fragmented nanosheets in water was useful for a new
patchwork coating on the several shapes of devices.[26] Therefore, if the fragmented
nanosheets of the PC-containing polymers could be successfully fabricated, a new aque-
ous coating material is expected to be developed to construct a biocompatible surface on
the several medical devices, which is currently in progress.
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