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Synthesis of artificial spider silk with thermal processability
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Silk is used as a structural material in nature such as lifelines of spiders
and outer layers of silkworm cocoons. It could be nice to synthesize the thermally processable silk
with desirable structural and mechanical properties. To realize the tailor made silk material,

post-spinning extension and heat or humidity treatment of the fibers can adjust the physical
properties of the fibers. In this study, we investigated the effect of spinning speed and
environmental humidity on the physical properties of spiders silk fibers. We found that the spiders
have evolved to synthesize silk fibers with maintained mechanical properties, irrespective of
spinning speeds and humidity. Considering that the silk fibers spun by domesticated silkworms are
largely influenced by spinning speeds and humidity, spiders living in wild acquired the robust
spinning mechanism as a course of evolution.



B X C—19, F—19—1, Z2—19 (@)

1. WFFEBIAE S WD 5

Fifot iTREZ2 B2 BAE (SDGs) 2R E S 4L, AMHCRONAYET 7 2 F > 7 v 6 OJiEINR
EBREOICEEND T, 7B A 2/ EQOEYBED T v 7 i3k R E OO —o &
LTHEBEN TS, TORHE LT, WV 7 IR MEEHEIC VLR RS20 T <, ik
HA L. S DITAESRIE - MR - AREAMEE Vo Te R 2 AT 2720, SDGs ITE AT
HiEHEE LTHETH D, LNLRBE, DA aPfEHT 53 07 136 RE L TORHANIEH
EENTWBHIZHED LT, KESHEG R TOI LT OFIHITIZ E A EH#EA TH RN, 20D
i & LT, — AR T 7 AF v 7 03T 2 Z & THRELL . 8- LIAA THEIT 5 2
ETCHRIENATRE CTd D = & LITHIRAIC, S 27 ITINBIT L - TR 5 LURTC B R % 7=
D, M LRIEFICNETH D Z ENFTHND, IHIT, ZERHA amdI 7 ZED T
IO TRAD BN SN E L EETREFETH 5,

2. MEDO BB

7'M A 2E, ENOGUWIRIZI N T, a2 SR A RIREIC HIAE S A7 HEE5 7tk A T
AT EFEVHLTND EBEZXHNTWD, BRI ZRFREIESRR & LT, SHEE, SIkES, K
DEENFTOND, RFETIE, 7 BRI A 2 ORGSR O E TR~
D70, STHEHEE, SE), KO EEN T TN A 2 OBIERTF
WM B X D BERRH AN E Lic, BRRTZ 0T A an
1T TWD@EIRR N7 OIEH Y AT AOBFERET I UE, ALY
NI DERB LI OMEN LORBUCEMRTE 251615,

3. WrED L . .

. . . 1: 230797 Eif

vaunv e @1) ZARVORICETATHEELEEZI  (Triconephila clavata)
DEEBEZFIHL CREBELE (B 2.8 3), BELTRE2~TH 7L
FuA Y 7uasy—) (HFIP) [CHEMS Sk, F v A MECTT 4L
LEAERL LT, BEWY EEILES®E (70 mm/s), K (10 mm/s) TIT
STz, BETWIIANTRGECRE SBEOHIE T TiT-o 72, AT
SHEE (RH) 11%. 40%. 84%IZERE L. 25°C TIT-o 77 2. anY S A

DA SAORE IS EIIET Y v 2K TR L, vy SERRESNEEIA
VUERRELEE.9.3M ORI F U AKIFERF T
60 °C TIEME S 72, K TENTZITWVBME L%, *
¥ A METTZ A VA EER LTz,

VI T A NKEIT Y TN ERGFESED D
& CHIERRE L U, BIRIBREE 7 U U DOKERIR & 3 fE
W5 2 & THAHEE 97%0DREZFI L, 7«

VRSN T CEE LIR, B ERLT, B 3: 305 EiE AL SREIEEL.
EIAEESMYLE CRET DT

-




S b E s HEEE O X ST 0211
A DR E T B . S DR [
FL AR HOhERIRE BL10C 2]
ALz, XBOZFNLF—1L12.4keV THY | I RH 84%_iSi

£i30.1nm Thotz, JKEZ 258 mm, FEIIF /\/\ RH 84% 1E&
Mz 10 Bl LCIEA X BEELZHEIE LT-, 5lE /\ﬁ\ RH 40%_Si%
0 5B T A R LT, /M RH 40%_1E:%

58 / a.u.

RH 11%_SiE
RH 11%_{&i

. 1 1 1 1 1 1 1
4. WFIERCE 5 10 15 20 25 30 35 40
7 %% RH 11%. 40%. 84%0 3 FEfE 0% kg e

. . s . - 4: BRARIGZENENIMBEDIEDILITLILLD
fEFC, i - SO 2 FEOE ST HE TR R X REKE 7

L LTRIZHONT, LA X FREELRIEIC L - T,

RS 2 BT & | A B — 7 OMERCRRLEICEREER R LN B3 g o7 (B
4), WITHIRD REBREITV, RO TP AT T, BS5IRT &80, SROME, JEME, ¥
TRADZINT A—=ZZONWT, RO 7 EEGREBELLEZRLTRY  EEBEZIY
DR DO NFYMEIC G Z BTN nEEB 2N, U EOREER X O OfEE)
B, 7 BT B E R EECEORM T ThH, B & R & MR L7k 2 VR
TEHZepmrmgaing (X1, ZORRIT, FELSNIZAA aDFHT 24003, BEEY
OIS S LD &0 ) TSR T D (Xt 2) S I3 T b, BFET
ERT D7 BIFREOZLICKHET 2R ERZELOBBRE TR EZEXbND, 7 EDRDS
WHERE DFEIIRIEARH RSN LD, SRIEFHE O 25 2 ZRETT 5 2 & TRIZHD D6
N, BERVEEOEICEHDL LT, —EIZHEL TV DO1E LR,

MR E AR SES
15 50 0.3
© i
& X 40t E
~ 1.0+ \30_ M 02+t
iy b -
# & X
= 05 = N 0.1
= B 10t N
0 0 Q\
® R R E R E R R E R E % E = E & B
RH 84% RH40% RH 11% RH 84% RH40% RH 11% RH 84% RH40% RH 11%

5: JERDBHIFHRIFICESIMYRE SEEN YIS R 522 E 0 FHE
WIZTF|E A T 4 )V AOFEEREE TS L

T EODBRIESHELMG Lz, 782V 7 7 ¢
/P BITONTIE, 980 MPa £ COEAINTH L /\
; 0MP
T RRICEZ LB SN 572 (®6), 0MPa 2 /\ )
100 MPa

& 980 MPa DOEJEIINE DOfEdALE L. ThEh

18.1%+3.3% ¢ 18.6%+2.56% CdH~7-, — i T. h 500 MPa
A a7 4 )L AOBEIL, 100 MPa OFHF A BT, fif

980 MPa
AR AT E I N TWAZ RS- 7-(& 7)., 75 ] ] ] ] ] ]

5 10 15 20 25 30 35 40
MPa DOJEJTEIINERFZIX 8.5% + 2.3% D5k fmfbE T q/nm-’

(1 okt  BE6 RAGENNMEDIELILITAIVLD
H V. 100 MPa OEHINEFZIX 27.6 £ 2.8% D o X SEE,

S8E /a.u




ELETCH-T=, -, ~XH 7 Fus T a)— (210) (023)
(010) (020)  (022) (040)
JLU (HFIP) 1%, V7 OB AMESLZHETH 2 L2835

BRTWNS, 22T, HFIP T b A s % T L i ///A\\\\\\\~

T ANVBTH LT, JEARTNR, RS AR~ L2560 A 0 MPa

MPa (1T & BEC R HEE ST S B 2 L 35 o 12, El///ﬁ\\\\\\\‘%M%

25 MPa OJENHEVINATE DR GEX, £ ZEh 14.5% gg :::::;;:::::::jjj::::::j3§ﬁi2

+1.8%, 28.1% +2.8% T o7z, ZOMEED , G ////\b\\\_x\\““’o"”Pa

I B R A T 5 L0 by T b AME LT ,//K\\\,“\\_iw:
P I

ELTWEER, RN DT W\ ERRBEh 510 15 20 25 30 35 40

q/nm"
7= 7 SIILI74L LO¥AZENEMEZED
GENT, BRELER S L A a s T g B XEREE

DI RIETRELETH-, B8IZLTLHIIT, 7EE
HA a2z RH 97%IB W TR ENFR SNz, £

NI, 7837 7 4 v AORMEITHE S e ///N\\x‘\\\NFWW
oA, A TEFR SN, EH S REREc 3 g

% AR DAL A OFEMIE R 823 20, B TR
D & Z AT, ESHIITIE Y T35 AN
JECHEAET D Z L Ol EMEES D — T, BEL RH 97%
TIOR3 0 FEEICIER STV D KRR G & #E 570 15 20 25 30 35 407343:/;1,9
-

DY | N TBEOTIMMEN L% - & T, TRX E&7¥wuxglﬁmﬂwgﬁgmﬁm%w
—HNZ R E R TAEEICHEE S L, TORICHIKT S TRA X HREREL
& THREREEAER L TS0 EB 2 HD,

SNT T 4 VNIRRT S Z 2T

8E /a.u

RH 0%
bk gm gV

FoT. MR E DL 3 BB oM, BlEVR @)
BRCR~T, 9 IR T &0 ESIENIN & 1 AL 980 MPa
(S DRI LTS S Aot ShUE, Wil § 0% 7100 MPe
ILEAHIR L7e 2 & T BIEICIIRT 2 S EmoR s S -
MEL IR BWIRE L2 LIS LTV b B oo ey
%)o 0 MPa

TEH) & Ay TN B SO T > T y L
®10 (2% Lo, KA 740 L D RERLFH R TIL, L) ° % hwme °

MMOBGE KD RE RS FHA XL D0, FisbE

0.12
2 LSRR S s (KR 3). AT &
AHFFRICH N T, 7 135 E B SO 2K
T, —EOHEL N EET s REEs e § 0%
RSN, ZOMRIE, ALYAZ &0 0 BEiEE R
BT BB ORI > L B DD, S5 004 RH 0%
W, TEE A IO IIVT BESHIINC BT L &
STHREMEAZRKSE, EbICEmELTEDL LB A o= "}Eﬁr e
= 1 %

9: AAALV WY T4ILLDEIERY
SER ()T AEN0. (0)iE EEALIRRS



HEhi, WHREEE LTo 7 248
AT 2B, EH LN ZFIH LT,
2= —DOBER L U e T 5
NI EERT S ZEICERTE 5%
Lo,

[scik]

1) Yazawa, K. et al. Int. J Biol
Macromol., 168, 550-557 (2021).

2) Shao, Z. et al. Nature, 418, 741
(2002).

3) Yazawa, K. et al. Polymer, 211,
123082 (2020).

(@) BAO2INTT IV

S>HLTAIL po— KT
o oY “‘vlﬁ«\ K X
\'é‘ T}-' %
s\"i‘ "
=L
e =

EELE: 8.5%

Ay JHFIP

fEeRLE: 14.5%

(b) B2 D Ml

10: JEVIIENAAVIVIDENE LUV ERELE
R DFEREBELL



Yazawa Kenjiro Sasaki Umi 168

Forcibly spun dragline silk fibers from web-building spider Trichonephila clavata ensure 2021

robustness irrespective of spinning speed and humidity

International Journal of Biological Macromolecules 550 557
DOl

10.1016/j . ijbiomac.2020.12.076

Yazawa Kenjiro Hidaka Kosuke 211

Pressure- and humidity-induced structural transition of silk fibroin 2020

Polymer

123082 123082

DOl
10.1016/j . polymer .2020. 123082

19 1 2

2021

76 72

2021




76 72
2021
76 72
2021
69
2020
62

2021




2020

2020

2020

2020

75 71

2019

Kenjiro Yazawa and Kousuke Hidaka

Pressure- and water-induced crystallization of silk fibroin

The 25th International Congress on Sericulture and Silk Industry

2019




2020

2020

2019

2019

2019

2019




Kenjiro Yazawa

Use of silk as structural material

The 10th International Conference of Modification, Degradation and Stabilization of Polymers (MoDeSt2018)

2018

2018

24

2018

28

2018




67

2018




