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A number of polymeric biomaterials have been proposed, such as hydrophilic, phase-separated, and
zwitterionic polymers. Also, new generation polymer: poly(2-methoxyethyl acrylate) (PMEA) shows excellent
biocompatibility, and has been approved for medical use. It has not been clearly elucidated which mechanisms are
responsible for the biocompatibility on a molecular level, although many theoretical and experimental efforts have
been devoted to understand this mechanism. Water interactions have been recognized as a fundamental part of the
biological response to contact with biomaterials. We have proposed the “Intermediate water” concept; the water
exhibited clearly defined peaks for cold crystallization in the DSC chart. We found that the localized hydration
structure consisting of three hydrated water in poly(2-methoxyethyl acrylate) (PMEA). We hypothesized that
intermediate water, which prevents the proteins and blood cells from directly contacting the polymer surface or
non-freezing water on the polymer surface, plays an important role in the excellent biocompatibility. Here, 1 will give
an overview of the recent progress in the experimental description of mechanisms of biocompatibility driven by
thermal analysis.
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Fig.1 Schematic representation of the polymer and cell
interface in blood.
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Fig.2 Chemical structure and properties of PMEA.
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Fig.3 Differential sanning calorimetry (DSC) heating curve of
PMEA-water system.
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Fig.4 XRD-DSC curves of equilibrium hydrated PMEA.
This cold crystallization is interpreted as the phase transition
from the amorphous ice to the crystal ice.
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Fig.5 DSC heating curves of hydrated poly(butyl acrylate).
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Fig.6 DSC heating curves of hydrated poly(MEA-co- HEMA).
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Fig.7 Classification of water in hydrated polymer based on
DSC analysis. The hydrated water in PMEA can be classified
into three types, non-freezing water, freezing bound water,
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Fig.8 Relationship between the amounts of three types of

water and HEMA content in poly(MEA-co-HEMA): Wf, free
water; Wfb, freezing bound water; Wnf, nonfreezing water.
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Fig.9 Number of adhered platelets onto the surface of
poly(MEAco-HEMA).
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Fig.10  Relationship between contact angle and water in
polymer. Plotted against free water and plotted against bound
water (non-freezing water +intermediate water).
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Fig.11 Effect of water type on platelet adhesion. a) free water,
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Fig.13 Imaginative water state on polymer. (a) biocompatible
polymer, (b) non-biocompatible polymer.

156

B

LA EDFER DS, Fox 1T PMEA X & X7 B 7x E AR
sy & OFEAERI NS WL, Z ORREAKOIFEEICH
BLEZTWS, METOMPeZ 7 I RNEK,
FEK, BHANG 72 DK% E D, ZoKf#EEIC X -
TREICHFETE D Z ERMBNATNG, B 2o g
70 & QBRI MR TRFIE R L L E/L S U TV
D03, MEREREOREK e EMEREZ OKFRIZEMR L,
TNERELG D VIS S &, AR OME R~
Wezs - EHEALOF| &4 L 7D, PMEA 72 & Ol A=
I RIS, RS DK FaRE & M B 1 O Rk E
ORNZAFAE LMENEEAN D 2 L 2ET L7120, BY)
SR &N EZ 2 BND (Figl3), 723, FRAKTAE
IRRRAY DKFNE 2 S H1F & DR R OKEE G I A
LTCWWRNHEDD, @mWyrEEE 26T &0 T &5
SHEERHLIZAKATH DD, BHEKERBKEDREIZ
BEICHFETE DL EZLND, %% &5 8o EBE
(BRI TOEAFTITR) L@ T EROSTRMEENEA
L DONRT 2T KD KO & LA EE S D RENE
Nb5H,

9. F&H

AR TIX, PMEA OEKBRMEIEL A 1 = X L OfEA %
T T=DITEDTFITEKR LTS FORENCER L, By
Fric & v koRE %2 3 FEEICE Lz, & 0 bk,
ERBFEZ R T ERE D TB I OXRKE S TIc3b@B L T
B &z, KD, AR DK &M EE mOR
BOKEORNCAFEE LWEDNEEMND = L 2 ETH D,
ERBFENBAT LI LD EEX LD,

# &

BSEME KA EFHRE, Bl irEE (V7 v, B
AEEE (U A7), RS GRTR), ke s (8
LK), ZmErEL vy h—Fkr¥—), AWK
B (RMER), ZRHEEBEIE (4R, WELHEEE (GRL
x), TAERKSHOEKICLE Y BILF L EFET,

X

1) a) T. Tsuruta, Adv. Polym. Sci. 126, 1-51 (1996); b) T.
Tsuruta, J. Biomat. Sci. Polym. Ed. 21, 1831-1848 (2010);
c) WAHRER, AR—Z, SREE, M A~T YTV
2w g4l (1999); d) AR, AR, LR
KEB—, "M AT VTN A =R, KELFR
A (2003); €) FRMLIEZE, AERBEREM B, 2 u )tk
(2005); f) A —Z, R ~—_"AA=TFT YT/, an
F%L (2009).

2) T. Okano, S. Nishiyama, I. Shinohara, T. Akaike, Y.
Sakurai, K. Kataoka, and T. Tsuruta, J. Biomed. Mater. Res.
15, 393-403 (1981).

3) T. Kajiyama, and A. Takahara A. J. Biomater. Appl. 6,
42-71 (1991).

4) T. Furuzono, K. Senshu, A. Kishida, T. Matsumoto, and M.
Akashi, Polym. J. 29, 201-209 (1997).

5) J. M Harris, editor. Poly(ethylene glycol) chemistry,
biotechnical and biomedical applications. New York:
Plenum Press (1992).

6) E. Kulik, and Y. lkada, J. Biomed. Mater. Res. 30, 295-304
(1996).

7) T. Ueda, K. Oshida, K. Kurita, K. Ishihara, and Y.
Nakabayashi, Polym. J. 24, 1259-1269 (1992).

8) H. Kitano, T. Mori T, S. Tada, M. Gemmei-lde, Y.

Netsu Sokutei 39 (4) 2012



9)

10)

11)

12)

13)

14)

15)

16)
17)
18)
19)

20)

21)
22)

23)

24)
25)

26)
27)
28)
29)
30)
31)
32)
33)
34)
35)

36)

B AA A - AR5 OB

Yokoyama, and M. Tanaka, Macromol. Biosci. 5, 314-321
(2005).

S. Tada, C. Inaba, K. Mizukami, S. Fujishita, M.
Gemmei-lde, H. Kitano, A. Mochizuki, M. Tanaka, and T.
Matsunaga, Macromol. Biosc.i. 9, 63-70 (2009).

H. Kitano, S. Tada, T. Mori, K. Takaha, M. Gemmei-Ide,
M. Tanaka, and M. Fukuda, Langmuir 21, 11932-11940

(2005).
ERE, AR, 'R, Y7 b2 —, U, K]
5 (2009).

M. Tanaka, T. Motomura, M. Kawada, T. Anzai, Y. Kasori,
T. Shiroya, K. Shimura, M. Onishi and A. Mochizuki,
Biomaterials 21, 1471-1481 (2000).

X. M. Mueller, D. Jegger D, M. Augstburger, J.
Horisberger , and L.K. von Segesser, Int. J. Artif. Organs.
25, 223-229 (2002).

M. Tanaka, A. Mochizuki, T. Motomura, K. Shimura, A.
Onishi, and Y. Okahata, Colloids. Surf. A 193, 145-152
(2001).

M. Tanaka, A. Mochizuki, T. Shiroya, T. Motomura, K.
Shimura, M. Onishi, and Y. Okahata, Colloids. Surf. A
203, 195-204 (2002).

T. Hayashi, M. Tanaka, S. Yamamoto, M. Shimomura,
and M. Hara, Biointerphase 2, 119-128 (2007).

T. Matsuda, H. Takano, K. Hayashi, Y. Taenaka, and S.
Takaichi, Trans. ASAIO 30, 353-356 (1984).

Y. Ito, M. Shishido, and Y. Imanishi, J. Biomed. Mater. Res.

24, 227-242 (1990).

MHMZ, MRES MR OES — /MO EEL
45—, Fm 32,504 -513 (1994).

T. A. Horbett and J. L. Brash, editors. Proteins at interfaces
1. Fundamental and applications, ACS Symposium Series
602, American Chemical Society: Washington, DC (1995).
M. Morra, editor. Water in Biomaterial Surface Science.
New York: Wiley (2001).

B. D. Rathner, J. Biomater. Sci. Polym. Ed. 11, 1107-1119
(2000).

M. Tanaka, T. Motomura, N. Ishii, K. Shimura, M. Onishi,
A. Mochizuki, and T. Hatakeyama, Polym. Int. 49,
1709-1713 (2000).

M. Tanaka, Biomed. Mater. Eng. 14, 427-38 (2004).

E. Hirota, K. Ute, Mi. Uehara, T. Kitayama, M. Tanaka,
and A. Mochizuki, J. Biomed. Mater. Res. 76A, 540-550
(2006).

E. Hirota, M. Tanaka, and A. Mochizuki, J. Biomed. Mater.
Res. 81A, 710-719 (2007).

A. Mochizuki, A.Kishi, and M. Tanaka, J. Appl. Poly. Sci.
111, 476-481 (2009).

M. Tanaka, A. Mochizuki, N. Ishii, T. Motomura, and T.
Hatakeyama, Biomacromolecules 3, 36-41 (2002).

M. Tanaka and A. Mochizuki, J. Biomed. Mater. Res. 68A,
684-695 (2004).

S. D. Bruck, J. Biomed. Mater. Res. 7, 387-404 (1973).

J. D. Andrade, H. B. Lee, M. S. Jhon, S. W. Kim, and J. B.
Hibbs, Trans. Am. Soc. Artif. Intern. Organs. 19, 1-6
(1973).

B. D. Ratner, A. S. Hoffman, S. R. Hanson, L. A. Harker,
and J. D.Whiffen, J. Polym. Sci. 66, 363-375 (1979).

N. A. Yamada, K. Ishikiriyama, M. Todoki, and H.
Tanzawa, J. Appl. Polym. Sci. 39, 2443-2452 (1990).

D. R. Lu, S. J. Lee, and K. Park, J. Biomat. Sci. Polym. Ed.
2,127-147 (1991).

J. Israelachivili and H. Wennerstrom, Nature 379, 219-225
(1996).

K. Feldman, G. Hahner, N.D. Spencer, P. Harder, and M.

Netsu Sokutei 39 (4) 2012

157

37)

38)

39)
40)
41)
42)
43)
44)
45)

46)
47)

48)

49)
50)

51)

52)

53)

54)

55)
56)
57)

58)

59)

60)

61)
62)
63)

64)

Grunze, J. Am. Chem. Soc. 121, 10134-10141 (1999).

K. Kataoka, H. Ito, H. Amano, Y. Nagasak, M. Kato, T.
Tsuruta, K. Suzuki, T. Okano, and Y. Sakurai, J. Biomater.
Sci. Polym. Ed. 9, 111-129 (1998).

K. Ishihara, H. Nomura, T. Mihara, K. Kurita, Y. lwasaki,
and N. Nakabayashi, J. Biomed. Mater. Res. 39, 323-329
(1998).

T. Morisaku, J. Watanabe, T. Konno, M. Takai, and K.
Ishihara, Polymer 49, 4652 (2008).

T. Hatakeyma, H. Kasuga, M. Tanaka, and H. Hatakeyama,
Thermochim Acta 465, 59-66 (2007).

T. Hatakayama, M. Tanaka, and H. Hatakayama, J. Biomat.
Sci. Polym. Ed. 21, 1865-1875 (2010).

T. Hatakeyama, M. Tanaka, A. Kishi, and H. Hatakeyama,
Thermochim. Acta 532, 159-163 (2012).

T. Hatakeyama, M. Tanaka, and H. Hatakeyama, Acta
Biomaterialia 3, 6091-6099 (2009).

A. Mochizuki, T. Hatakeyama, Y. Tomono, and M. Tanaka,
J. Biomat. Sci. Polym. Ed. 20, 591-603 (2009).

M. Tanaka and A. Mochizuki, J. Biomat. Sci. Polym. Ed. 21,
1849-1863 (2010).

M. Tanaka, JP Patent 4746984 (2011).

S. Ye, S. Morita, G. Li, H. Noda, M. Tanaka, K. Uosaki,
and M. Osawa, Macromolecules 36, 5694-5703 (2003).

G. Li, S. Morita, S. Ye, M. Tanaka, and M. Osawa, Anal.
Chem. 76, 788-795 (2004).

G.F. Li, Y. Shen, S. Morita, T. Nishida, and M. Osawa, J.
Am. Chem. Soc. 126, 12198-12199 (2004).

Y. Miwa_ H. Ishida, H. Saitd, M. Tanaka, and A. Mochizuki,
Polymer 50, 6091-6099 (2009).

Y. Miwa, M. Tanaka, and A. Mochizuki,
Ronbunshu 68, 133-146 (2011).

H. Kitano, K. Ichikawa, M. Fukuda, A. Mochizuki, and M.
Tanaka, J. Colloid Surface Sci. 242, 133-140 (2001).

K. Ichikawa, T. Mori, H. Kitano, M. Fukuda, A. Mochizuki,
and M. Tanaka, J. Polym. Sci. B: Polym. Phys. 39,
2175-2182 (2001).

M. Ide, T. Mori, K. Ichikawa, H. Kitano, M. Tanaka, A.
Mochizuki, H. Oshiyama, and W. Mizuno, Langmuir 19,
429-435 (2003).

S. Morita, M. Tanaka, and Y. Ozaki, Langmuir 23,
3750-3761 (2007).

S. Morita, M. Tanaka, I. Noda, and Y. Ozaki, Appl. Spec. 61,
867-872 (2007).

A. Tanabe, S. Morita, M. Tanaka, |I. Noda, and Y. Ozaki,
Appl. Spec. 62, 46-50 (2008).

C. F. Hazlewood, B. L. Nichols, and N. F. Chamberlain,
Nature 222, 747-750 (1969).

I. D. Kuntz Jr, T. S. Brassfield, G. D. Law, and G. V.
Purcell, Science 21, 1329-1331 (1969).

H. Uedaira, Water in biological systems. In: Pullman B,
Yagi K, editors. Tokyo: Japan Scientific Societies Press;
47-56 (1980).

S. K. Pal, J. Peon and A.H. Zewail, Proc. Natl. Acad. Sci.,
USA 99, 1763-1768 (2002).

M. Tanaka, Biochimica et Biophysica Acta 1810, 251-258
(2011).

I. Javakhishvili, M. Tanaka, K. Jankova, and S. Huvilsted,
Macromol. Rapid Commun. 33, 319-325, (2012).

T. Hayashi, Y. Tanaka, Y. Koide, M. Tanaka, and M. Hara,
Phys. Chem. Chem. Phys. 14, 10194-10206 (2012).

Koubunshi



