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Synthesis of ultra-high-molecular-weight microbial polyesters and development of
high-tensile-strength and high-modulus fibers by ultra-stretching technique

Iwata, Tadahisa
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The aims of this study are the synthesis of ultra-high-molecular-weight microbial
polyesters (UHMW-PHA) by using a recombinant E. coli and the development of new drawing techniques to
process the high tensile strength and high modulus fibers. High tensile strength and high modulus fibers
with tensile strength =1.3 GPa, elongation at break=35%, and Young’ s modulus = 18 GPa were succeeded
bythe combination of cold-drawin? and two-step drawing methods. When added the normal molecular weight
PHA into UHMW-PHA, the mechanical properties of fibers was further improved. Furthermore, the fibers
processed by one-step drawing method after partially growing the crystal nuclei have micro-pores into
fibers. Furthermore, the porous fibers were impregnated with an antibiotic drug and the enzymatic
degradation and controlled drug release tests were carried out by using an extracellular PHB depolymerase
purified from Ralstonia pickettii T1 is also addressed.



B X C—19, F—19., Z—19 (GtaH)

1. WHEPAR SO 5

TR, 7T AT 7 BEIEM)IZ X B BREEIEE,

HERIREAL, (LABEROER L, &y
BEOSBEIfR T D HIERERBE & &R - =R L ¥ —(C
KD FE RN S v, HEREREE & 9
HANEHEE DO RICB W T, TBREICE LW
B ORI & EkgEE ) 2SR 7R &
po TN A,

B, RS E TR L OBIR N ED 5
NTWLBREIEBLWT T AF v 7k, K&
SPTFT2o0hT IV —IIHETED, —
Ol%. BB OMAEY DLW D fREESE I
L&D FEILAEM s n=% (—k5y
fift, BERRE) . BAEMENIZERY AEHh =
fefb ks L AKICE TR ENDS B4
IR, BRAEMRED . ENRET T ATy s
Thd, bH—D2lE, BEVREERTHLN
A F~AZFERE LTEESNTIZAA 4=
AT FGAF v (INA FR—=ATF AF
v7) ThHH,

BUE, "AA~AnbAEESN, REPT
SRS DRV, T~ AT T RAF v 7
DORFENEENTND, FrlZ, EAIZM 25
ERE RSN, A AT T AT v
HEOBIFE R IS LTV 5,

2. WHEOHEM

HRFUCIFET 5% < OFAEMIL, M
T U U RITER AL E L TERBT LD
FHEUESIC, BV e FrFo Tl ) o—
NPHA) EFEENH AR Y = AT L% TR )LF
—ITEWE & L TENICERT 5, ZORY
T AT IOVE, A HEIREICKHR D &, K
WICEF SRR IC L > TS h=x v
X—LBZ EnD, br o FEIMOIERLIC
YT 5, M1iE, AU 270 (AWERSY)
B2V 86%IC  TIANICER L
T MAEYM OB MBI T E ThH D,

B, Kt

(A) E&HRL @\J;
?“

IRLF—

r «({‘
(\/%Q}: Cls 4@
) & 2. AN ¢
S Cl ° o
RY(RI-3-EFAFSTFL—F)

EstAY L300

B) &SRB —RHE TENR
( RS M]) ( WMEMRH)

ERRIERS 0y — <o co,
/’// — apm >~ BEY ™ Hy0
< ! RAATz
7 -~ smEE _

B 1. MAEMFELERY AT LD
(A)AEA K & (B)AE iR,
BREIX, 80%LL EORY = AT L EER LI-E
FHAHR 2 KNG O TR E T ISR S
(P OENEHIRERH LR Y =27 )1)

WAEIEAER Y AT VI, 1925 4E 127 F
VR e RAY — UIFSEET D Lemoigne {2

LV WAEMERPICRAIN., HLEHIZ
100%R KROHAIMEEZEFET S 3-£ Rk 7
X URPESIRIC 72N 572 AR U [(R)-3-& K
o %37 F L — N (P(3HB)) T& % °, P(3HB)
X, KFHIE, BRETCHE, CAMMER &
100 FEEALL EDOFEEAEMIC L~ T, FE. ik
fe, SREEH A 72 EDRFWN AR IILH N
AF~ATTAF w7 THY ., REROMOD
A D3 W D R IZ & > T5ERIZ
GRS INDESRE TS T AF v 7 THH D
(1),
WAEMEARY) = 2T VE, A F~< A
HAEFEI N, REP CHOMINAENTMHEE
EHLTWDHMN, B THLANWI LAyt
DRERRKRTHD, i, ZIVE THREE~
DA THNI 72\,
ARHFZECIL, BIa 2 KIGEZ VW T,
BEDFEMAEMELERY) 2 AT VEES
U, Fi=ZamAn TEMi 2852 L1
RIS 7 R (U RSl Y N G 7A) 'S
B LOAESBECET I MmA 55 Z &
ZHPE LT,

3. WFRD Ik

3—1. MEs&EPGBHB)DARK

HARRETICHFET D2HAEDORY = X7
VA RRE D EPET B B AR EA P(3HB)O H
By F 8%, £960 HREE TH 5, P(3HB)
A RkE T 5 Ralstonia eutropha H16 HZE D
PHB & E 5 1 (phbCAB) % 3 A L 7= /i #a
Z KW Escherichia coli XL1-Blue (pSYL
105) % W, IRFEPE LT va—Azfun,
Luria-Bertani 55#ith, 2 B[Rl E288 1RV T,
WRERHR R, P, RFBVRE, BHUR
JE BiHio> pH 72 SRR & 7RSS AL
7

3— 2. WIEMf - TEMEAERIEIC L DA
T8 P(BHB) %> & 0D o 9 2 ki A i

HAR )& P(3HB) % AT #i /- 7o i ik
ERETHIEICED ., BB - R R
MEOMEMAIT o7z, 3, WML L7z
P(3HB) Z kK Iz A L, FEALE ke 2 (FT
L7z, IRWT, Z OFEREEMMEL . KAKHFT
) 6~12 fFIZmiEh 42 Z ik v BlmE
rn A A ERL L7, & 612, Zofdm s
EARHE 2 RIR TR 6~8 [FITIEMT 5 Z &I
L0 IR - BB IE R S 7 SR A PR A
(e R Y

3 — 3. MRS AL EEAERIEIZ X B BFAEREPE PHA
D> B O R EERRHEVE Y
BETHABR X KEBEEZH O TAEERL
7o HE Sy 18 P(BHB) A W T g L fHE
TERLZITRREh L7 s, 2RI Z L
{, BARMT —<= R KRITH, F2
T, B OB IEM « B PEEiE A2 W R T 5
ZEIZEY, wmE Oy (60 TRE) O
ARREEA P(BHB) A & T b ) o LAk E & VR Y
T & DI AL 2 B LT, s da
SEAE & X, RIS SR b A N L 72223 B
NS A TR S, ORI A R &



L ChOF#HEmEm ST L EMTETH S,
FP. BE—AHIT L o TIEREMEE (ERY
L. 2k T —EMiEE S5 2
LT, WM E R S E, 0%k, RET
FERTHZ LIk, DTFEICEKTFTHZ L
72, Bk D ERL A ATREIC LT,

3 — 4. MEMEOMEAT

VERL L 7= e oo PN BB AR 2 X AR BIHT S X
'S EMZ FWCRERIZ AT U7z,

3 — 5. IEMERHEYERT A

R E L THAEWED —D>THH/N
<AV UERRE. I L CU AT VALK
XV REHWT, GiREMFREMRR)ZZ 2
THEHE~ DRI DR BELA B L, &
DT, BER DR ZAT O YR ENE O R & OF
T TIiTo 7,

4. WFFERk R
4 —1. H&Esmy & PBHB)DAR K
B2 KB & 7= PBHB)D
FEARIZB VT, Bl pH BNo+'EICk
TREBEG 2D LNy T, BERO
pH ZEMEMlicy 7 M HZ bick by, HE
¥4y 500-2000 5 A A A E S &
PEHB)DAESRIZKBI LT (X 2), Zild,
S EO¥EREZMH T 5K Th 288
FA|OFRE AL Bio pH ZEEMERIICS 7 b
Lz lickovmlceizizvtEZExoN
%,

EHLEARY?—

B
HEFHRRIKBE
E. coli M 109 (pSYL105)

i )

[ -
T

HABMREE

' <) 1
IERARE & EREH

2. HES TR PHA O &

4 — 2. WAL - TEBPEIEMREIC X DB E Y
T~ P(BHB) 7> & 0D ) 8 it A

50 fi5 DL 2 SEA & A0 7= E 1 FE il B R
RIS 5 Z L2 X 0 AREETREE 1.3 GPa,
RO 35 %, o 7% 18.1 GPa DA 45 fiR
PEk X OVEMREAMEE A T 5 & iR E e o
PERLZ R TR TRlkEh LTz,

4 — 3. PUAE A EZIE(RVELC X 2 B AR PE PHA
D> B O & R EERRHEVE Y

RS AL AZAE R IEIZ K > T, TR P(3HB)
25T H AR EE 740 MPa % A3 % s R LA,
MeZ1GDHZENTE,

Z OBE R EZAE AL, PEHB) SR A RIS
HLHENTH 72, PBHB-co-3HV)IZ, ZhE
TV DML DA FNLH 203, AR
JE1E 200 MPa L LKW b D ThH o7, L
L. A EIF 2 2SBHFE U 7= ks b B A i s %
P(BHB-co-3HV)IZi 45 Z & T, K4 F&
Th %R P(3HB-co-3HV) TlL Z N £ T
D EMTERD o, WHEMRE 1.3 GPa &

VN D E SR EEARHE O ERUZ P LTz, Z 08k
ERRZIEME Y AEMPEER Y = 2T V2T
TR MDAELSIREYER Y = 2T )L OfkHEL
W HiE A TE, ISR A FRL T X
LT E LCHifFTx B,

4 — 4. ik RN

TS SR A S TR U 7o IR W PE AR 7R
U = AT UHEHE D /M XEREPT 2 R 5 5
& EE OMRHETHRERIND 7 A T RO JE
HREEICH KT 2 TR M o E P 3852
ST, REMREICKRE A Y — 7 RN
Roni, ZOAKY—7 [ THHED NS
WCHKT 2L 0L E 2, fHEWTH O SEM 8l
BEiTol-E 2 A, W3R T L HIT, fkiE
NEBIC R O/ 2L (P72 7R
T) DFEET DL ENphoTz CEYRT Y
A R=1.74um), & 51T, WHERZ T2 E]
WrL7- SEM BE XV ZOHMFLIZ =Rty
WZORMM-TNDZ Ebholz, £2. %
FEEAEIE R AL 2 5 iz KT
AXLHECTCEDHZELAHETHD, INE
THEHE D P 22 B IEE T D 28 fkE 1
xR ~—TRHE I, £2<DT1EHL
WVBERE 2 8B L TV D8, ARfikkED X 5 (o4
BoOV7TI a0 R7PHET2ZEBEL T
WABHIIEHID T TH D,

T S AR HIE i 7 C VRS U 7= o 5 B Ak o
WRHEMT RS IS 6T 2 R 7 OFELERZNES
HERKIB0% ThoTry ZDORT DIFEREY
L CHELZHFET D L, MEMEERY
T ATV ORI X FERE O 2 5Ll L7
LHZENbnol, T7rbb, MAEWEENR
U = AT VARKEIX T 72 D m i EA L S AT RE T
HDHZLEERBLTWND, &5, iy
MICZENWICASTZRTICE Y, kB Ao
FENKEFCRoTNWAEEZLND, &
25 Z AR, TR R R R D MR AR
DLzt bz, @BEELERLRN HIREl
DALy B CARMEMEDO R A RN R TE 5,

15% &R

K3 ~A27naR—7 AfHD SEM 4
TRy R 2 EW I (P, B) &0k
KK (52 | Wl 5 A2 S T 7 B (Rl ) |
15% DNy a~ A VU ERSE%, st
Teillitf > SEM 18 - fkHMES 7 i TR Ao B (F
+) AT AREIMIE B T)

4 — 5. YRR
R— T AME~ O FEFNEUR D RF % 7
A CBIE T 5 L. BIRIEEA 80 CET



L TBHZ EITLViRK 15 OEFNIETRD
ERMDARRIC e o T, T, EAIE Rk O
HEF RS O 2 SEM THIZE+ 5 & 365K
RIS L CHRAIORBEN EA L. #iE
DR T NIZERARL 3 5E £ > TV DTN
BECX (K 3),

X 4 (1) 1%, 3EHZ2EH LMo L
C PHB /3 ik 2 B S & kHED MR 2 1257
R4 DITPEV N MRHEPITER 2> B i & A7 35
DA BERSRIEFEIZY LT ey b L
KThd, £7-. K 4 (F) 1IBEELFRTF
(B DHEDIERERZ SEM IZ X v BisR L=
BTH D, FHENKRER & Iz Rm ) b o S
. EIUTHEWVIERIZ D> < Y & RRFEIICE
STHHEEEZ LTS LT, F7-. ki
INTERIRE U T- % OFER IR & AV CHUE
EERBR A T o728 2 A, LR S
TeHRANL, RIECHIET 5 2 & 7 < PUEIENE
EERFFLTWAZ ENRHLNT o T,

~ 04 A
E
~
Y
5 .
i
P
#
T
5
0 . . . . \
0 5 10 15 20 25
BRSBER(h)

B4 (1) BERANEBRICH T 5N > DI
Al s (F) BERAMBRIC ST 5 Bl
SEM {5 : Je7n & BESR 53T, 6 W5 J OX 10 WA
S R %

5. E7pdEFam L

CdeRERmSC) (10 1)

i 25w 3L

1. Properties and enzymatic degradation of
poly(acrylic acid) grafted
polyhydroxyalkanoate films by

plasma-initiated  polymerization:  Jiaqi
Zhang, Kenichi Kasuya, Akio Takemura,
Akira Isogai, and Tadahisa lwata; Polymer
Degradation and Stability, 98, 1458-1464
(2013).

2. Transition of Spherulite Morphology in a
Crystalline/Crystalline Binary Blend of
Biodegradable Microbial Polyesters: Taizo
Kabe, Tomoko Sato, Ken-ichi Kasuya,
Takaaki ~ Hikimae, Masaki Takata, and

=
H ()3

Tadahisa Iwata; Polymer, 55, 271-277

(2014).

Crystallization behaviors of
Poly[(R)-3-hydroxybutyrate-co-4-hydroxyb
utyrate]/polyethylene glycol graft

TEMPO-oxidized  cellulose  nanofiber
blends : Jiagi Zhang, Hidetugu Fujizawa,
Akira Isogai, Takaaki Hikima, Masaki
Takata, Tadahisa Iwata; Polymer
Degradation and Stability, 110, 529-536
(2014).

High tensile strength fiber  of
poly[(R)-3-hydroxybutyrate-co-(R)-3-hydro
xyhexanoate] processed by  two-step
drawing with intermediate annealing: Taizo
Kabe, Chizuru Hongo, Takaaki Hikima,
Masaki Takata, and Tadahisa Iwata; Journal
of Applied Polymer Science, 132,
41258-41265 (2015).

Investigating thermal properties of and
melting-induced  structural changes in
cold-drawn P(3HB) films with o- and
B-structures  using  real-time  X-ray
measurements and high-speed DSC: Taizo
Kabe, Toshihisa  Tanaka,  Hironori
Marubayashi, Takaaki Hikima, Masaki
Takata, Tadahisa Iwata; Polymer, 93,
181-188 (2016).

MMAEMEAR Y = 27 VO E MR E
AL C: BHEXL; AAMHES, 55,
188-196 (2013).

RENVAANA T~ A0 OFHLANA A
— AT T AF v 7RO A EH
B WHESCTE. AR, LAY A
T A, 14,123-129 (2014).

WA PELERY = 2T VO & o F
s K NS OB IR =, &
A E 4y TR SCEE, 71, 527-539 (2014)
Biodegradable and Bio-based Polymers:
Future Prospects of Eco-Friendly Plastics:
Tadahisa Iwata; Angewandte Chemie
International  Edition, 54, 3210-3215
(2015).

BR BT U WA iR ME R AF o0 e &N
THA~WEM Z 0 G I D 45
fEPER ) = 27 WA B O miRE L~ H
hReA . A EEA; AT TINEEA ],
Vol. 50, No.9, 7-18 (2015).

(%) (FH151)
(Sl

High  performance  materials  from
polysaccharide derivatives and microbial
polyesters: T. Iwata; The 8th International
Conference on Green Composites (ICGC-8),
May 5/21-23 2014, Seoul National
University, Korea

High Performance Materials from Microbial
Polyesters and Polysaccharide Derivatives:




T. lwata; International Symposium on
Materials for Enabling Nanodevices 2014

(ISMEN2014), 2-5 September, 2014, Tainan,

Taiwan

3. High-Performance Microbial Polyesters and
Polysaccharide Derivatives: T. Iwata; 5th
Asian Symposium on Advanced Materials
(ASAM-5), November 1-4, 2015, Pusan
National University, Busan, South Korea

4. Challenge of Eco-friendly Plastics -For the
establishment of a sustainable society: T.
lwata; BASF  Science  Symposium:
Sustainable Urban Living, November 10-11,
2015, Shanghai, China

5. MmO TOMREEZBENOEZZ D | -E
M, X, KRBIDEEZ W T, 2l E
AL BIRE ST TFES 2014 RO
e, FE=m01% [#8l5). 2014
6 4 28 B, HKY: (BR)

6. NAAR—ARY ~—DEHEELE H
LT, 2HEA, @A AA L F R
U —RELSER . N A A~ AT AR
IS —, 201549 H 11 H, KIRFF
itz 22— (K

7. NAFTTITAF v 7 O~ A 4~
A DRFREAG N LT3 - MERREE~.
a=HEA. el 7107
FA = AEE S - BOSa S GEE
2. 20154 12 A 2 B, #FbFEHiiHEdE
[ZES 92

—fIEER
1 TERMEEO®E I XD MEmREL

R Y T 2T VRHED R, INE AR =

AL SIMZE, & B, TRk 26
TR PERHE S IR ORE . 201446 A 11-13
H, #7U—hR—/LiE R

2. WAWEMERY AT Loyt LW

ERERTERRIC 95 o0 B2h A, ilm T+,

DA =, UARSLER, AR O, A HE
N KT, PRk 26 4FFEfHE S~
WKE, 2014456 A 11-13 B, ¥ U —7k
— /U (R

3. WAEWFEARY = 2T O iRk
E RS BT B ZE, IR, A
FHARA . IAARFE—BR, B O —. Mt
B, BIMZEW, EHER., % 63 [H&Esy
Fatiwme. 2014 4E9 A 26 H., RIFKF
LHF v R (KiF)

4, FRxIRFHRMAEWENERY) AT L0
EWPE L SR, IR =, AR —
BB, FERESCTR, 8 EFETR. [F)IE&. W
OBz, HAk—, aHEA, 5 64 [A
BT FRFEIR KRS 20154E5 H 28 A,
oy Ry g vt rz— (biEE)

5. JNEAEE A L7 AEMEEA R Y = 2
TINT 4V AOWE L ET g, IR
= aHEEAL HERD KT SIHZE
B, B HER, PRk 27 FREEHEE S
WKE, 201546 H 10-12 B, ¥ U —7k

—/UndE R

6. HWEHTFERY [(R)-3- bt X7 F
L— h-co-(R)-3-t FrF I ~FH /)=
— M ZERWTZ@ERE 7 L 535 KO
HMEDOVERL & B S i, e,
AR = ARG, A HARA BIEER
m B, PR 27 FEHE RS ERK
£ 20154E6 H 10-12 H, # U —F—/L
e G

7. BWRTIEZEERWVEET L ALHEIE
HEOBR EMEMEARY = 27 v
xS A, IR = AEBA L M
= KA. BIFMZER, mEEM, P
& 27 - ERME SRR RS | 2015 4 10
H 22-23 H, mAb LR U

8. HWEHFEFRY [R3- b K o % o
7 F L — bh-co-(R)-3-E K ¥~
XY o— RN EH W ERE T LA
DOVESRL & B AR ERAT ., HRm b, VA
ok, aEEA, IR =. IR,
E B, R 27 FEHE RS ER K
£x. 2015 4F 10 H 22-23 H. HUEB T 254
HERT OAD)

(&) G 3F)

1. 3.3 Polyhydroxyalkanoate: Tadahia Iwata,
Takeharu Tsuge, Sei-ichi Taguchi, Hideki
Abe, and Toshihisa Tanaka; Bio-based
Polymers, Handbook of R&D Information
in Japan, CMC, 71-85 (2013).

2. EtSREMEMME D BRI ~ R, ~L R
7T T~ OBk Rk~ 5 DU R A AE
PEREHE, 25 6 B PEWREARY =T
NOEFERRMES L CoICHEBREL
T BHHEA; Y= AV —HiR, &
f& - BT ERERYR . AR 958 | R 5E /. 2014
410 A 31 H., pp.140-147.

3. LT HZEEHAALNAR—ATIT
by B LR, B 1E, SAAR) AT
LD B EEA = Ay —
HIRR, BE1E KA — . FEPIE— . pp.13-20
(2015).

(PEZEIY PEHE)
otHRRTL (T 0 1)

oKL (0 1)

(& D)

FORARE « KRB RE MBI ER -
AR B 2R - @ o T BHERE SRS HP
http://www.fp.a.u-tokyo.ac.jp/lab/polymer/index.
html

6. WFITRARER
(OIFFEREE

AH o EA (IWATA, Tadahisa)
HRURY - REbe A mb it se gt -
Hi%

s ®Z=:30281661



