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MRS (GRS K5 PR o XL RIRLF 4L &= 42
SRR ARV LS, JF BT R A P [10-13]. fildn,
RIRZE 22 ARG 835 e B O 5000 Z 4R 58, T3
— Rl N T A BT 4 JE o AE 20 1H 28 30 44X A 1l BH oK .
B NGB, 24488 MO e veae, Ky
TN, B MBS TG a4 (R 1D [12,14-19].
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B 1 B E MR EW 2 R E51[10,20-21]. B4t
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R1 KR YES A A4 )12 RE[12,14-19]

Fiber Density (g-cm™) Strength (MPa) Modulus (GPa) Elongation (%) Toughness (MJ-m™)
Natural fiber
Spider silk 1.30 900-1400 10-12 30-60 160-240
Bombyx mori silk 1.30 300-600 5-10 10-25 70
Antheraea pernyi silk 1.30 500-700 5-10 30-45 150
Flax 1.40 800-1500 60-80 1.2-1.6 7-14
Sisal 1.33 600-700 38 2-3 —
Cotton 1.51 400 12 3-10 —
Wood cellulose fiber 1.50 553-1300 15.4-27.5 3-7 —
Wool, 100% RH 1.30 200 0.5 50 60
Synthetic fiber
Kevlar 49 fiber 1.44 3600 130 2.7 50
Silicone rubber 0.98 50 0.001 850 100
Nylon fiber 1.14 950 18 5 80
Carbon fiber 1.80 3000-4000 230-550 0.7-1.9 25
Inorganic fiber
High-tensile steel 7.82 1650 190-210 0.8 6
E-glass fiber 2.50 2000-3500 70-85 2.5-53 40-50
RH: relative humidity.
Silk nanofibrils
s Nanocrystal Silk fibroin protein

RIE[23]. BARRIRAAEM A ik AR H AR GEE ~NE
HREZ D, (EAKMEE P eIt ss 7
FREEMAT AL, T I A2 i s A4 3K 2 2 45 P 1Y) SR S R S BRI
[20,24]. BEh, KERIHI& I ReLr 4EiRft T2 F
JAR[25]. BeAh, H#lE N LA R EATEEHRESE
S A AR L, B MR AR IR R AR E K
W, X —HmATER T RAG L RAN TR H
[26-27].

HET U, BN GBI, RIR A 44504 DL SRR
Gier ik 2, JFR WS MR A B AT 4E[3,28]. [N, &8
T IRe e, XL AR T T AR A
. HFERAEYEYERE, KK R T ENIER Re Y]

(b)
B 1 ke (a) MM (b) gkl 4erE R a1,

(B-sheet)
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“~~_ Repetitive A-B domain

Nanocrystal
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Poly(D-glucose)

1 AR ORI E M) BT P B [29-30]. AR SCERIR T
AR mVERE AR AT ) 2 S BB ke . 1 2 JRAN
PARIRGT W RERVIN R, R T 22057, B
Rk eL. TIEYie . PRI L ML 22; 5T
Ko BHE THRTTAYE AR RERI I SR SR . AR, I
PR T — RAN DA B R AR . e, RATIE
S th 7% A H A A 1 DR PR, R Rk BE LT 4R 1
RRKEAE T JEE

2. AES LT %

IR AN X T RE S A E A TR Ty B R i 42 R e



R R4 Gt ARG LS h & T SR AL
[26,31-32]: 223 TR AR B EHT =, HAEbE %S pHAA
1 B A LA B Ca® R0 K P A 8 IR B A 28 (331 RIS, &
2R TR 2 A 5y FHR A 7 By AR, AT
A G E AR [34] 0 BRICIR R 97 22 100 0% W1k 11 Jo B 7
kMG 2 Rt s, BERIES S EL, RETERL
Y. HRE TR T A S s 2 AT YR ) Sk
B, WEFREIEHM 2GRN A LA, B E R ®EE
MK ZE 25 e i A 22 0 S o v, (R K R A By
BEK[27]. SZRARYi L T 2R K, BFFEN RITF R H 5 Fh
WRRY 2778, AFRIEYIY., THYiL. WiRiEgis
PR 22 (B2, Mhsh, —Fy RIS 20 R
TG 22 73 D00 AT LA FH SRt % B 1 S SRR P A P B 4 4
(IR E) [35-36]. ATiH, AT B FkiEHA
YieeJiik, EMENBENN TERERRG, 204 T
JS S o

2.1. ki

TEIRIEGT 23 FE T, 97 22 M NI [ V8 I 2 PRV 71
V) PR XL B30 2 A o 38 e 34 93 DTG I 1 37 71) A0 e il
A, B EEN G LW N, B n B R A A
e, XM TRLPEEYI 2N E, BB ELEOBRMER
BL¥E A 40 1,1,1,3,3,3- /N i -2- A B (HFIP) . =9 4. &
(TFA) BUH R, JFiefEmEsk (HEE. /. RAED
VE R 5 8] 7 [37-40],  HIX 2887 771 8 [ 771 1 20 A A3 A A
A 2 B S R, AT S BN A AR 4TS A H 5 i

Natural silk spinning 2>
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M2 R, 2R A KRB R e i A 2 —Fh i 1)
M, DR A R A X 3 [41-42]. 1Y 210 5
—ANEEDBRSE R AR, BT DR G AR R
Gy FHUA], TS 21 4 1Y) 7 2 1% B 1S DA s 35 42 T [28]. #
Wi, ZhouZE[41FR T —E/WMR TR &%, FIHEZ
IR IR Bk & ) 4% HE BRI 5] RIEDGIR MR
(B3 (@ 1: & efEhifiG, Frer4n bl k2
KRS THIEE] T 450 MPafl127.7%, O RIRE 2,

22. TiEgie

EFIEG L T 2%, il EEF NS GME R
FURIHE RO B AR AT 4, X 5 KRG 2 fFR AR AL.
AT (TG 4T 201 1 SRR 1 Ul L T 20@ R
BERE MR 2B AR (KT 20 wt%) [43-44]. Sun%s
(451 R T —EE M EBHE TR &, HRHKER
50 wt%% [ A 22 B 1 7KV W BB 28 S P il 46 HE 2 22 2 4
5By 35, KRR A 4R BN 425 4 15
P e, MR M 45.7 MPa #2713 T 326.7 MPa, {2
THET KRR,

B TR KRR T2 B2, Ling 25 [46] 4% 1) 22 £ 4
WARE T RARBLZREEH[ESZ (b) 1. ABATEEE
VAR 1) 25 22 SR AFIHFIP AE N 9T 2230, 12T s H 5 bl &2
Fi o 1) 1 R IR 2 TR A S5 K o IR R TR YA RIS S
BIYI7 AN AR, R AR G R A YE . T4
FRE T RABLWMZ RGN, HHREEEE T
11 GPa, H AWMk IR E . FFEZEIE A RBRYT4 1
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Bl 3. FIHARRGI LIk & LR Y. (@ FIFREYTLH] & L. () MUGILRERRZER (LU 20MES: 3. MIE: 4.974
W SHTHAL 6 ABHA: 7 RN, SLURAEIR: mpm: FAMEED: GD WHGENLAARDEE R GiD B RS ER RN H L4l R
AN R [41]. (b) FIHFIAG el & a2t (D UM R TLELEM: (D VAN mIRCEE: GiD. Gv) HBasEEREgRER
U IR P RUR AR HEBIR: G 100 pm: GiD) A1 Gv) 20 pm: Gv) PHEEN2 pm [46]. (o) I HIV Ml B R R0 4% 97 22 1) 46 4 4

R (D FUERPIARGYABE T REFIRERE; GD. GiD) HHEERGRERPUOR g L8 R . IR GD A Gid A3 pm, 46BN
400 nm [56]. (d) RIS 225 8% AR RIPRF Y/ RIEL A 4F4E: (DL (D MWFHERPORAF AR TIR CEHBMA) RIFe RIEER GR B
KSR R R L2 2R KD R D Gy) F30 HUBE MR s BT AV 20 K g 1m0 1510 [58]

AR, Ma S [47]58 5 B b i s Y B TR A B T e
JEARAT LT Yk IXMBEIL LT AR Sy 2 M RE T LB R AR
S DR J2 T AR 1 o T B A PR A EOR AT R, AT
AW E AR T i Bt Se T BRI W REdE .

2.3. Witz ¢4

PRI BORIEAE TR RETE, T DA AR
PRBIL Y Y AORE R T, T HREBER AR YT 22 R GEHH 1Y
TAREN 1% [48-53]. {EZ LW, Ji% At [Fim g
BB BIBIUIR AR, BRI AR Y . W
MR LLIRFF R FURES, JFIEN R G SR B I T
JEAL LR AT 4E . BT TUN B DL RR NI B A, DL
ARSI, 5% T — RILEA I R ERE KB LT

Yk, 40, Cheng % [49]F1 Yu 2[5 1730 i 1 3 i 44l
Wit R T ZMARTESRIGER A4, 2R
hYfE, Y, DRGSR e A 4SS .

BRAKEERE LT 4 Ah, ORI BA 2 i £ i s 4 4 (1 —
P %0515 [54-56]. Mittal Z5£[56] 8 i 1 — Fint 7R 4 Bh
ARG 22 T2, MG A4 RAVUK A L i 1 %
MR ML 3 (o) 1o AT Jebe s i fuf (1 21 4k R 0
KAYERTFRE S BN EIE S, ARG E T R8T K
AU pH AH IR VR R AN TE . 7EPEE S, BT AR
BB AT YR T fir iy R SR F R, R4
KBRS 2 MAE 5 —sMREn, ZREFK
IR LT YE RGO 2 2 [ ER B 7, i Al L
W s 7 BT B R HES s M 5 T ANEIE R, BRI



BERD G BB 4 WA A YR R b I 5] KBRS, M
T AR FE R RAFHUA S5 M8 « T IRASRB M e 4
AT YE R GUOR LT Y TLT- 58 IR AP K fh e 51, Hoas IR
R W 224 58 B 43 391 35 B 29 70 GPa A% 1200 MPa, it T 4
K2 O HRIE IDUOR LT Y R BT 4R

2.4. Fiifize

G 22 R FH T 5 A AH AR TR P P 2E 2 2 TR )
MEAER, H@EdER AT RAMGES T 9 FIRa %
KL A [57-59]. Zou AT Kim [57]4 3 2430 04k A7 B4 4540
KA BRI S RREEBR G 5, R AhE E3ehE
RENG B K A 4. 725 — T 5, Grande 55£[58] M
W — T 70 REE IR — T 47 4 RYVK A B M E T
SRR b, R — AR BRI 3 (D 1. HTER
FERYEV T B 7 SR A R R T4, AR 4E R gk
LPYER R ORI, P TARBRIA AR . X
AL L1 4 3 9K 21 /5 SR 52 G 21 4w DALE R0 57 1T
PSR R, A0 A0 55 78 58 SN BE T A 4R oK
YA T RAFHEHES], WM T T 24 44 mik
22 GPa 17 IR f5 &

3. £STLERY I F IR ERES

VP2 RN AR AN T )5 RE, IR UR T HA A
PAE 2 A RS B RHES 77 50 [20]. NS TESNY2F 4
W FEAEMEFYErf, 7B ol R 2T 4 R R e 5 £ 4 1) )
REHPELA EERM . Flan, BRI S BRE A AL £
YER AP 4E R O i, (H LRI LU &1 PR BE s 19 56 5
WIEE, = LR DR g U JRR HH T 4 4 B ) 55 2T 4 A Bl T 7 A
FE (8o~11°) BYRTFSIMK (£920°) [12], X— KB AHI%
FORAF AR T R R R . ROREFYE b 1) SR 4T 48 8
SV S H2[10,60], R I I 4 B AN A A TR 5 AT

K2 KRR e 7 % 15580 LH1[10,12,20,60]

5

Z (A FIAH ELAE FH RE 2 2 OB AR 4 ) MR . FEDARAM
B, CARHLYER . LR IR ER AR = It RE A5 A
MRE, XK 2 5 5 A AT DL A P2 AT 4R A 2
Helg o AR, AR ERL T RIRG YL F1 208
(#£2) [10,12,20,60], FFistit 1 & T 1L LEHLH A& H 1
FEFRLAHR . s SRR 4 BORHE N I 2 M SR g
(E4) [56,61-63]. M G722 )il & B9 A 21 2 1) Jim b 2
AR, X LGSR 35 AT DA [ B A

3.1 Jahifd

EANTES 2 7R R R TR IR, Ja R AR 2R 7=
SRAFYE R EEAER, BN AT DURAE 7 IR £F 4l )
[43,64-65]. YT T i 13 B MW A 47 4 — Mo B 3 22
{HAEAPER LT, X BT M FEER C P TS, 74
AR, S FRERE 7 O S IR R S, ARG 5 T
S FIA BEAER, e 74 4Em4s &6 % . Zhang 55
(651K IRk 22l 4% 1 FAE R 2L, SR DU AE £ 4
1) 4 DR 8 R W7 284528 55 40 1 O 3.9 GPa F1195.1 MPa; 14T
ARG, Hob IS R R0 I R 8 P 4 12 25 92 71 51 6.9 GPa
F1470.4 MPa. X HHZEATH (XRD) Al H AR e 21 48l
i (FTIR) M4 REHLEAME R OB E R
ASilk TAY, $7% (Raman) Y&k 2L R H 25 H
S FERERIEUA AR T . 52, S — Ik 5L Rk I
E PRGN, 22 2T 2 1 Wi A5 B /T 100 MPa
EE] T 420 MPa [B14 (b) ][61]. R, JEhofdisn PLE
E RN AER B, MK AT e B T4 4 25 4 s B0
IR PR G . SR, I R R R B 5 AT 4
PIRLAMETRL, DRI R A s Eidzs e S BRIV A, B
PAFVERE B AR M 2T 4

3.2. 0
EE K4 R s, et 24wy

Fiber Spinning/producing method Dominating strengthening mechanisms
Animal fiber
Spider silk Dry spinning Well-oriented fibrils along fiber axis, strong inter-fibrillar interactions
Bombyx mori silk Dry spinning Well-oriented fibrils along fiber axis, strong inter-fibrillar interactions
Hair Natural growth Hierarchical structures, multi-component combination
Wool Natural growth Hierarchical structures, multi-component combination
Plant fiber
Flax Natural growth Hierarchical structures, strong inter-fibrillar interactions
Sisal Natural growth Hierarchical structures, strong inter-fibrillar interactions
Cotton Natural growth Hierarchical structures, strong inter-fibrillar interactions

Wood Natural growth

Multi-component combination, strong inter-fibrillar interactions
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Bl 4. WA Y ) IR RS . (2) F SRR MR I, B R RAT. Ide. SEECRBREDRL: (b) LA YEIRN-RARIZ: (D KL
i, G RifhtbRy2, GiD) Riffitkye, Gv) RHLE A9 [61]: (o) HAMRLFHERIINER L4 B J)- AR M 2k[62]; (D 1,2,3,4-T VYRR BEAT 5 10 4F
YL J-RAR I ZR[56]: (o) PRINENATSRIGTT S LT 4En R -RiAg i 2k, RSF: FAE2EH: GO: Ffbf EME[63].

g — P SR A T . iR AR 4k nT U
INEETE AT — 2 SR BE (T SR 2T ok, T A 22 S K A1 4 ) ]
DL I 8T i M EUE R 1 20 26, X P FP T2 AESi 2]
Tl A Ry R AR . B IX 32 FE, Kamada %5
(621K PR B AR 4 e 7E — RS DL R % 25, b il % th s
SEEPINE AR 4 (o) 1. FHERIKT YT
M7 1) 70 25V BB R A ) 5% e R 2T 4 1 — P Al L8 g ) )
BTG, HMGOR R I 2 2 WOR P i AR e, BT ]
A R HEZ DL R 10 FR0 25 Bl i 4 5 85007 25 1 R ) 2 2 40
%:[21,66-68]. Wang 55 [69]#k1E [ A FH R AR A& B
S A 2T 24 35 AN K 4T 4 2 256 P S i AN R T — (R ) £ 4
Hor, RARFINEE PR E A B T oK LT 4RI R 4 HF
F, i ELPE DR A1 4 (R LR [F] i 15 S 1 4R 4 (Rl s S B
MITE R, B2, TRIaX Ff 77 2] 46 [0 4 4 (1 ) DR ASE 52 R
YR L F) 65.7 GPa M1 826 MPa, EL i 5 & B 2 g
15598 MPa-cm’- g™, BN (227 MParem’-g ™).

3.3, Z0Hk

T I B BN A I T DL 5 2T 4 ) 45 R B T TR )
G, A REE TR 4E 715 PEBE[70-71]. Yao 55[71]
H Fe™ E NI, TERFBALM AT 4 R g R TR T 4
JE S T-RRER R, MO FEGET A RILET [a] P26 T AR SR A AR
HAEH, 15404 10 B2 AW 2452 5 5 5 M 16.4 GPa
H1248.6 MPa $2 7} 5] 22.9 GPa H1357.5 MPa. 7£ % — 1 |
B UER LAY TR, 1,2,3,4- T HElURER (BTCA) #
FAVEAS BT CATE 21 4 A K 27 4k [ (SR BG, X 7E— e F%
JE LR T KRR T b P e R R LT g RIRR R

A HAEFI[S6]. “FHERAHEZ)G, HWZREE N
1200 MPa #2712 1570 MPa [Kl4 (d) ], i | 4450
LRYEAE 72 R T TH ) T ST

AC A 2 STEL A ) R AT 4 ) 2 S DR I A RO S . B
i, HeZ%[72]. Zhang Z5[73)H1 Li & [741i@ i 51 AR &
(GA) EACHGR, DLW WM imE s EH MR A=A N
JEkL, TFRM— RV msmeF4E. flan, 4 mEAaEA
(BSA) £ —MERIREA, @E BN IFIER & A4 &
EAEL 4 GAZCERR, BSA 14T M 4% REMS w15 80
tho H4iBSALF4EMILL, 2 GA L BSA £F 4 (1) W 24
R FEAI TR B E T, AL 14 MPa#10.17 MJ-m™ 43
SIILF] 130 MPa 1143 MJ-m™ [72]. 1EN—H W& H
JRACERT, GA A Tl &5 T HA R & & A 24
XA EABSWIAKEA (SRT) F BORIPH & 18 #0 i 5
HZ Ak (BELP) FFAI4k (K5, GAZELFE SRT-ELP
Gy FZ (A RO e B, AT 38 58 1 e AT 2 ] R A ELAR
[74]. 36mer SRT-ELP 24 [ i 4 5 F A L 90 M O & v
15550 MPa 1109 MJ-m™, T4 MRS & aedt—DH
T+ 603 MPa fl1 113 MJ-m™. XFHEF4E 124 PERE 4B
SURNREEE A i1 7S A | RS PN AN 4 7R 24 B

3.4, BAIR

B TR LR T AR FI O H (I BRAL R 0T, KA R
NSRRI T E A MR [75-77], 4R EEE
EEEE G A R, BAUKE61]. 9K [78]-
A RIE[63,79] DA IN B A 22 B A g 2, DA &
R AR L Y . PR RS 8 A 7 T s A AL
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U}

B 5. i W) ARk 2 18 & B A AR 4 . (a) FH SRT AR (A 5 BORIPH T ELP P 9 4L R 4k & R A A AR kR & K (b) R LY
224 4% SRT-ELP HIE £F IR R 75 18] (o) 4 GA ZZ A 5 iz {1 Ab B8 1) % SRT-ELP 272 (f7R 25 [, ELP J5 41 vh it 5 e ik Ik B IO 2 5 GA JEM 32 kI
EEMEAL A (A X4 SRT-ELP A 4E3E4T BB E AR &l () 36mer SRT-ELP £F4E{I R /7-MAFHIZE ; () 36mer SRT-ELP £F- 45K /1 M RE[74] -

HEEBS TR EAEHMTES, NGB TRAZ G
YEI D1 VERE, TR IR PR B B 2 S SRS g7 42 T
WIS . 40, Zhang 25[63 18 F T4 L2614 &4
Rk, RN 0.1 wi% M A S0 5, B A 4F4Em
W 455 5 FH £ 252 MPa $2 3] 435.5 MP [K14 (e) 13 7E5
— TR FE R, R 545 B ) Al A 22 2 2 1 W R SR T
439 MPa, M 480 0.3 wt%e A b A S8 0 fa, X — 2 )
AT 2 697 MPa [79].

B T NTLgite, &nT LUl KB E PR RRE
A= E A A 22 [80-85]. fEX —id R, W 2K
KR 23 BOR G B F 0 b, RRK 8 R G R4 R A
o BFFUER B BARIX PR 77 2 B 2 g KA R B
Fa AR, AR —/ N PUR M EL RE I 45 & B T2 4
Yirf, X DT REOGE A HTATIESS . RO E A5
TRYEORM B G RIEEMEN, BED T RARg it
2, BT AW ) = AR T R R A TAE A (85]. kT,
Wang %5 [85] I FU 2 BH - MR 1F 5 Sx v 3R A5 10 2 22 1) Wy

R EZI 9360 MPa, £ SIS 0.2 wi% ik 4 K E 5
SRAT 0 7 22 1) W 4 5 5 W] Gk 570 MPa,  7E S 0
0.2 wt% 1 5 )i J5 IR 13 1 2% 22 11 Wy 24 5% & 1T 3k 590 MPa,
B 9K M R RE 8 2 B P Tt TR 22 1) ) 2 ke . TE B
T, XFONERR G EAE, BRI, 7R A
RIRG 22 R B e A 2 3244 7Bkt

4. EYEAHNN A

THER, NIEZEAHRRTERBIEG S 4%
BN R B TR RMBIEGED, &Rtk
N AR YEAWHRIL, Hrb KH 2 T . 3
TEOR, T B VR AT R SRR A5 7 A ) AL 4E A (86—
871, AWNILLTHEIRAT VORI Z K07 EMIRER.
SREER S AV NELE, JF BRI LR 45 R % B RS
ZREETT AT — R HIDIRE, AR 30 e 1 L
AU teAh, — e BT Y iy T HE AR b S
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AT DL Bk Ak D0 T Rk o B A AF 4R . il Xia SE[35]H0
Ouyang Z[36]H Je R HIEY T 24 7R TSR RN
Hu K, SR G I R S AR AL AR K L R BR 4T
dk. EH W, Wang 252 [88] M 7E 15 M < 44 i i
AP B A e AP YRR AL, B RS H AR S8
PR R T B RN AR AR R A . AT, RATER T
THEEAL AL LT e . B R, BRI
THI Y 22 P S
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Strength Modulus Elongation
Raw materials Spinning methods Post-treatments Applications Ref.
(MPa)* (GPa)® (%)*
Cellulose Wet spinning Crosslinking 1570 86 ~3.0 Mechanically strong fiber [56]
Bacterial cellulose Wet spinning Post-drawing & crosslinking ~ 357.5 22.9 2.3 Textile [71]
Silica/cellulose Wet spinning Post-drawing 270 18.2 5.4 Flame-retardant fiber [91]
CNT/cellulose Wet spinning — 120.9 6.9 9.4 Wearable electronics [105]
GO/cellulose Wet spinning — 360 ~1.56 — Thermal insulation fiber ~ [123]
Silk fibroin/cellulose Wet spinning Post-drawing 235.7 7.83 7.7 Mechanically strong fiber [124]
Silk fibroin Wet spinning Post-drawing 470.4 6.9 38.6 Textile [65]
Recombinant silk fibroin ~ Wet spinning Post-drawing 508 21 15 Biomedical application [112]
Recombinant silk fibroin ~ Wet spinning — 162 6 37 Mechanically strong fiber [113]
CNT/silk fibroin Wet spinning Post-drawing 420 — 59 Mechanically strong fiber [61]
GO/silk fibro in Wet spinning Post-drawing 697 7.6 — Antibacterial material [79]
BSA Wet spinning Crosslinking & post-drawing  279.4 4.4 28.3 Mechanically strong fiber [72]
Alginate/BSA Wet spinning Crosslinking & post-drawing 420 10 ~14 Medical suture [73]
Chimeric proteins Wet spinning Crosslinking & post-drawing 650 8.5 30 Mechanically strong fiber [74]
Collagen Wet spinning Post-drawing & crosslinking 151 0.888 20.5 Tissue engineering [125]
Silk microfibrils Dry spinning — 133 11 8.1 Wearable sensors [46]
Silk fibroin Dry spinning Post-drawing 614 19 27 Mechanically strong fiber [117]
Silk fibroin Dry spinning Post-drawing 150.8 393 31.1 Mechanically strong fiber [45]
TiO,/silk fibroin Dry spinning Post-drawing 218.5 59 37.7 Mechanically strong fiber [78]
GO/silk fibroin Dry spinning Post-drawing 435.5 4.8 21 Bioelectronic device [63]
Cellulose/silk fibroin Microfluidics spinning  — 1015 55 10 Biomedical application [55]
Alginate Microfluidics spinning — 15.39 0.53 25.28 Water collection [96]
Collagen Microfluidics spinning — 383 4.138 25 Nerve repair [109]
Cellulose/chitosan Interface wiredrawing  Post-drawing 220 22 ~3.5 Mechanically strong fiber [58]
Chitosan/heparin Interface wiredrawing — 220 — ~11.5 Medical suture [59]

* The values of strength, Young’s modulus, and elongation are all mean values derived from references.



Contrachonl T Regziog

B\t

()

(iv) After 1 min, UV on After 24 h, UV on

Suture lines

B 8. HAMNF A ERER A s ar i RN . () IIREEALF4EnT i TR (D ~ Gv) TELFYE BRI A gl il 28 e i )5 1%k
B G BoR A g A e s A (AEaEkFR, WHIRNTS wm) [109]; (b) FAT Gl 4S 13 HE R 25/ TP 34 DTG BRI 1L W IR 52 & 4F 4 vl i
TEAMIEAM: (D ~ Gv) £F4E LA iy UG Bon H R IAEPAIAEE (BRI N 200 wm) [110]; (o) BRTER 19 88 R h 41 4 v] 4k A A -0 L

ANTEPEM AR I3 . (D ~ (V) WETEIE AR 4 (MR R (AR A 5 75 A7 4 -B R I 52 &) B35 32 (0 O LAN I (R 3G B s ARG B2, BB R D) AT G 2R
100 pm, Gv) Fl (v) H150 pm [51]; (&) FERBEKERALETHEAETEME: (D ~ GiD) SRR AR s g (68200 pm; UV: %
AMER), Gv). (V) KIGFF BS54 4EEAl)S 1 min f124 h 5 A X 196 [111]s (o MR/ A MG & ATy AEFREAL: (O ~
Giv) ZEE 20 R AR KRR IRAIE L8 &0 D e, DB EMAGOFLRREGME (WEFIRS A3 emy 1emy 0.5 em 10.3 cm) [73].

N, WERERES BT MERERERIZ 2238 E . 97 R TR KT B A0 L 843 00 9 2 [112-114].
22753k JR MRS REMTEEE IO T, RN B, TR ARk 22 SR & B R ] % e o
WRIREVIM B S5 K- 128 R R A R g st APkl e —, BONBR 7l LR B A TR
SO . T2 PUL L MR ORI BERY, ki Ah, HARF IS E GG BRI 2 AT Ik



12

[1,74]. 0T RIRGILL RGN SE Y [RIAF IR 2, X
st T H AT L7 22288 B 5 koA 2 (1095 225 AR LLATS R
FAAEBRZ R [115-117]. N T RIX— R, "TBLGIA
T R K 3D AR IR G T EN R SR it A B “ AR
DIt RZG” . RIRYT L8 h 5 22 KR A 27 0T 98 [34,118—
1214547 W] R RFT IR L, 100K 2 — 20 45 3 i PR g
LRUERIR A . 7oA SRR PR R, BRIk
MBI BR D e B HAb 40 4. tb4h, KrEALZER
S MRRPART YL 0 — MR =6, BOYRX A
A T BE S B AT 4 1) 45 4 A0 ) BE 2 1] (1 [55,122]
50 1) 275 22 & — P BE W LR 3RAT /0 2 1 B 10 0 ik 22 (1) A
LA RITIERT], BIFASE TR (K
PR B AR AT LUK BRI A M e 2 1R T I F 22,
EGURM R AR A R AR RME A R0 . Zk LTI,
TR PR RE AR A RN IE G IR K B 2. R
Bb, AR B A5 B AT TN SO K AR T HE S
LPLHIN T, P N2 T2 — ReIE
735 1 E AR B R IR 2T A 1) A ) R AT AR N ) R SRR
AR

Acknowledgements

This work was supported by the National Key Research
and Development Program of China (2017YFC1103900), the
National Natural Science Foundation of China (22075244
and 51722306), Natural Science Foundation of Zhejiang
Province (LZ22E030001), Shanxi-Zheda Institute of Ad-
vanced Materials and Chemical Engineering (2021SZ-TD009).

Compliance with ethics guidelines

Zongpu Xu, Mingrui Wu, Qi Ye, Dong Chen, Kai
Liu, and Hao Bai declare that they have no conflict of in-

terest or financial conflicts to disclose.

References

[1] Sun J, Su J, Ma C, Gostl R, Herrmann A, Liu K, et al. Fabrication and
mechanical properties of engineered protein-based adhesives and fibers. Adv
Mater 2020;32(6):1906360.

[2] Shang L, Yu Y, Liu Y, Chen Z, Kong T, Zhao Y. Spinning and applications of
bioinspired fiber systems. ACS Nano 2019;13(3):2749-72.

[3] Liu Y, Ren J, Ling S. Bioinspired and biomimetic silk spinning. Compo
Commun 2019;13:85-96.

[4] Park JH, Rutledge GC. 50th anniversary perspective: advanced polymer fibers:
high performance and ultrafine. Macromolecules 2017;50(15):5627-42.

[5] Yan L, Kasal B, Huang L. A review of recent research on the use of cellulosic
fibres, their fibre fabric reinforced cementitious, geo-polymer and polymer
composites in civil engineering. Compos Part B Eng 2016;92:94-132.

[6] Ramesh M, Palanikumar K, Reddy KH. Plant fibre based bio-composites:
sustainable and renewable green materials. Renew Sustain Energy Rev 2017;79:
558-84.

[71Li G, Li Y, Chen G, He J, Han Y, Wang X, et al. Silk-based biomaterials in
biomedical textiles and fiber-based implants. Adv Healthc Mater 2015; 4(8):
1134-51.

[8] Chang H, Luo J, Gulgunje PV, Kumar S. Structural and functional fibers. Annu
Rev Mater Res 2017;47:331-59.

[9] Smits J. Fiber-reinforced polymer bridge design in the Netherlands:
architectural challenges toward innovative, sustainable, and durable bridges.
Engineering 2016;2(4):518-27.

[10] Ling S, Kaplan DL, Buehler MJ. Nanofibrils in nature and materials
engineering. Nat Rev Mater 2018;3:18016.

[11] Ling S, Chen W, Fan Y, Zheng K, Jin K, Yu H, et al. Biopolymer nanofibrils:
structure, modeling, preparation, and applications. Prog Polym Sci 2018;85:1-56.

[12] Bourmaud A, Beaugrand J, Shah DU, Placet V, Baley C. Towards the design of
high-performance plant fibre composites. Prog Mater Sci 2018;97:347-408.

[13] Mohanty AK, Vivekanandhan S, Pin JM, Misra M. Composites from renewable
and sustainable resources: challenges and innovations. Science 2018;362(6414):
536-42.

[14] Omenetto FG, Kaplan DL. New opportunities for an ancient material. Science
2010;329(5991):528-31.

[15] Gosline JM, Guerette PA, Ortlepp CS, Savage KN. The mechanical design of
spider silks: from fibroin sequence to mechanical function. J Exp Biol 1999;
202(23):3295-303.

[16] Yarger JL, Cherry BR, van der Vaart A. Uncovering the structure—function
relationship in spider silk. Nat Rev Mater 2018;3:18008.

[17] Yang K, Guan J, Numata K, Wu C, Wu S, Shao Z, et al. Integrating tough
Antheraea pernyi silk and strong carbon fibres for impact-critical structural
composites. Nat Commun 2019;10:3786.

[18] Fu C, Porter D, Chen X, Vollrath F, Shao Z. Understanding the mechanical
properties of Antheraeca Pernyi silk—from primary structure to condensed
structure of the protein. Adv Funct Mater 2011;21(4):729-37.

[19] Wambua P, Ivens J, Verpoest I. Natural fibres: can they replace glass in fibre
reinforced plastics? Compos Sci Technol 2003;63(9):1259-64.

[20] Wegst UGK, Bai H, Saiz E, Tomsia AP, Ritchie RO. Bioinspired structural
materials. Nat Mater 2015;14:23-36.

[21] Kontturi E, Laaksonen P, Linder MB, Nonappa, Groschel AH, Rojas OJ, et al.
Advanced materials through assembly of nanocelluloses. Adv Mater 2018;
30(24):1703779.

[22] Zheng Y, Bai H, Huang Z, Tian X, Nie FQ, Zhao Y, et al. Directional water
collection on wetted spider silk. Nature 2010;463(7281):640-3.

[23] Tao P, Shang W, Song C, Shen Q, Zhang F, Luo Z, et al. Bioinspired
engineering of thermal materials. Adv Mater 2015;27(3):428-63.

[24] Eder M, Amini S, Fratzl P. Biological composites—complex structures for
functional diversity. Science 2018;362(6414):543-7.

[25] Sachsenmeier P. Industry 5.0—the relevance and implications of bionics and
synthetic biology. Engineering 2016;2(2):225-9.

[26] Vollrath F, Knight DP. Liquid crystalline spinning of spider silk. Nature 2001;
410:541-8.

[27] Shao Z, Vollrath F. Surprising strength of silkworm silk. Nature 2002;418:741.

[28] Koeppel A, Holland C. Progress and trends in artificial silk spinning: a
systematic review. ACS Biomater Sci Eng 2017;3:226-37.

[29] Cheng J, Lee SH. Development of new smart materials and spinning systems
inspired by natural silks and their applications. Front Mater 2016;2:74.

[30] Guo C, Li C, Mu X, Kaplan DL. Engineering silk materials: from natural
spinning to artificial processing. Appl Phys Rev 2020;7:011313.

[31] Jin HJ, Kaplan DL. Mechanism of silk processing in insects and spiders. Nature
2003;424:1057-61.

[32] Heim M, Keerl D, Scheibel T. Spider silk: from soluble protein to extraordinary
fiber. Angew Chem Int Ed Engl 2009;48(20):3584-96.

[33] Laity PR, Baldwin E, Holland C. Changes in silk feedstock rheology during
cocoon construction: the role of calcium and potassium ions. Macromol Biosci
2019;19(3):1800188.

[34] Sparkes J, Holland C. Analysis of the pressure requirements for silk spinning
reveals a pultrusion dominated process. Nat Commun 2017;8:594.

[35] Xia K, Ouyang Q, Chen Y, Wang X, Qian X, Wang L. Preparation and
characterization of lignosulfonate —acrylonitrile copolymer as a novel carbon
fiber precursor. ACS Sustain Chem Eng 2016;4(1):159-68.



[36] Ouyang Q, Xia K, Liu D, Jiang X, Ma H, Chen Y. Fabrication of partially
biobased carbon fibers from novel lignosulfonate—acrylonitrile copolymers. J
Mater Sci 2017;52:7439-51.

[37] Yao J, Masuda H, Zhao C, Asakura T. Artificial spinning and characterization
of silk fiber from Bombyx mori silk fibroin in hexafluoroacetone hydrate.
Macromolecules 2002;35(1):6-9.

[38] Lee KH, Back DH, Ki CS, Park YH. Preparation and characterization of wet
spun silk fibroin/poly(vinyl alcohol) blend filaments. Int J Biol Macromol 2007;
41(2):168-72.

[39] Ki CS, Kim JW, Oh HJ, Lee KH, Park YH. The effect of residual silk sericin on
the structure and mechanical property of regenerated silk filament. Int J Biol
Macromol 2007;41(3):346-53.

[40] Xu L, Weatherbee-Martin N, Liu XQ, Rainey JK. Recombinant silk fiber
properties correlate to prefibrillar self-assembly. Small 2019;15 (12):1805294.

[41] Zhou G, Shao Z, Knight DP, Yan J, Chen X. Silk fibers extruded artificially
from aqueous solutions of regenerated Bombyx mori silk fibroin are tougher
than their natural counterparts. Adv Mater 2009;21(3):366-70.

[42] Fang G, Huang Y, Tang Y, Qi Z, Yao J, Shao Z, et al. Insights into silk
formation process: correlation of mechanical properties and structural evolution
during artificial spinning of silk fibers. ACS Biomater Sci Eng 2016;2(11):
1992-2000.

[43] Wei W, Zhang Y, Zhao Y, Luo J, Shao H, Hu X. Bio-inspired capillary dry
spinning of regenerated silk fibroin aqueous solution. Mater Sci Eng C 2011;
31(7):1602-8.

[44] Yue X, Zhang F, Wu H, Ming J, Fan Z, Zuo B. A novel route to prepare dry-
spun silk fibers from CaCl,—formic acid solution. Mater Lett 2014;128:175-8.

[45] Sun M, Zhang Y, Zhao Y, Shao H, Hu X. The structure—property relationships
of artificial silk fabricated by dry-spinning process. ] Mater Chem 2012;22(35):
18372-9.

[46] Ling S, Qin Z, Li C, Huang W, Kaplan DL, Buehler MJ. Polymorphic
regenerated silk fibers assembled through bioinspired spinning. Nat Commun
2017;8:1387.

[47] Ma C, Su J, Li B, Herrmann A, Zhang H, Liu K. Solvent-free plasticity and
programmable mechanical behaviors of engineered proteins. Adv Mater 2020;
32(10):1907697.

[48] Whitesides GM. The origins and the future of microfluidics. Nature 2006;442:
368-73.

[49] Cheng Y, Zheng F, Lu J, Shang L, Xie Z, Zhao Y, et al. Bioinspired
multicompartmental microfibers from microfluidics. Adv Mater 2014;26(30):
5184-90.

[50] Jun Y, Kang E, Chae S, Lee SH. Microfluidic spinning of micro- and nano-
scale fibers for tissue engineering. Lab Chip 2014;14(13):2145-60.

[51] Yu Y, Fu F, Shang L, Cheng Y, Gu Z, Zhao Y. Bioinspired helical microfibers
from microfluidics. Adv Mater 2017;29(18):1605765.

[52] Yu Y, Shang L, Guo J, Wang J, Zhao Y. Design of capillary microfluidics for
spinning cell-laden microfibers. Nat Protoc 2018;13(11):2557-79.

[53] Du XY, Li Q, Wu G, Chen S. Multifunctional micro/nanoscale fibers based on
microfluidic spinning technology. Adv Mater 2019;31(52):1903733.

[54] Hakansson KMO, Fall AB, Lundell F, Yu S, Krywka C, Roth SV, et al.
Hydrodynamic alignment and assembly of nanofibrils resulting in strong
cellulose filaments. Nat Commun 2014;5(1):4018.

[55] Mittal N, Jansson R, Widhe M, Benselfelt T, Hikansson KMO, Lundell F, et al.
Ultrastrong and bioactive nanostructured bio-based composites. ACS Nano
2017;11(5):5148-59.

[56] Mittal N, Ansari F, Gowda VK, Brouzet C, Chen P, Larsson PT, et al. Multiscale
control of nanocellulose assembly: transferring remarkable nanoscale fibril
mechanics to macroscale fibers. ACS Nano 2018;12(7):6378-88.

[57] Zou J, Kim F. Self-assembly of two-dimensional nanosheets induced by
interfacial polyionic complexation. ACS Nano 2012;6(12):10606—13.

[58] Grande R, Trovatti E, Carvalho AJF, Gandini A. Continuous microfiber
drawing by interfacial charge complexation between anionic cellulose
nanofibers and cationic chitosan. J Mater Chem A 2017;5(25):13098-103.

[59] Do M, Im BG, Park JP, Jang JH, Lee H. Functional polysaccharide sutures
prepared by wet fusion of interfacial polyelectrolyte complexation fibers. Adv
Funct Mater 2017;27(42):1702017.

[60] Barthelat F, Yin Z, Buehler MJ. Structure and mechanics of interfaces in
biological materials. Nat Rev Mater 2016;1(4):16007.

[61] Fang G, Zheng Z, Yao J, Chen M, Tang Y, Zhong J, et al. Tough protein—carbon
nanotube hybrid fibers comparable to natural spider silks. J] Mater Chem B
2015;3(19):3940-7.

[62] Kamada A, Levin A, Toprakcioglu Z, Shen Yi, Lutz-Bueno V, Baumann KN,
et al. Modulating the mechanical performance of macroscale fibers through

13

shearinduced alignment and assembly of protein nanofibrils. Small 2020;16(9):
1904190.

[63] Zhang C, Zhang Y, Shao H, Hu X. Hybrid silk fibers dry-spun from regenerated
silk fibroin/graphene oxide aqueous solutions. ACS Appl Mater Interfaces 2016;
8(5):3349-58.

[64] Mortimer B, Guan J, Holland C, Porter D, Vollrath F. Linking naturally and
unnaturally spun silks through the forced reeling of Bombyx mori. Acta
Biomater 2015;11:247-55.

[65] Zhang F, Lu Q, Yue X, Zuo B, Qin M, Li F, et al. Regeneration of high-quality
silk fibroin fiber by wet spinning from CaCl, — formic acid solvent. Acta
Biomater 2015;12:139-45.

[66] Moon RJ, Martini A, Nairn J, Simonsen J, Youngblood J. Cellulose
nanomaterials review: structure, properties and nanocomposites. Chem Soc Rev
2011;40(7):3941-94.

[67] Torres-Rendon JG, Schacher FH, Ifuku S, Walther A. Mechanical performance
of macrofibers of cellulose and chitin nanofibrils aligned by wet-stretching: a
critical comparison. Biomacromolecules 2014;15(7):2709-17.

[68] Benitez AJ, Walther A. Cellulose nanofibril nanopapers and bioinspired
nanocomposites: a review to understand the mechanical property space. J Mater
Chem A 2017;5(31):16003-24.

[69] Wang S, Jiang F, Xu X, Kuang Y, Fu K, Hitz E, et al. Super-strong, super-stiff
macrofibers with aligned, long bacterial cellulose nanofibers. Adv Mater 2017,
29(35):1702498.

[70] Fu J, Guerette PA, Pavesi A, Horbelt N, Lim CT, Harrington MJ, et al. Artificial
hagfish protein fibers with ultra-high and tunable stiffness. Nanoscale 2017;
9(35):12908-15.

[71] Yao J, Chen S, Chen Y, Wang B, Pei Q, Wang H. Macrofibers with high
mechanical performance based on aligned bacterial cellulose nanofibers. ACS
Appl Mater Interfaces 2017;9(24):20330-9.

[72] He H, Yang C, Wang F, Wei Z, Shen J, Chen D, et al. Mechanically strong
globular-protein-based fibers obtained using a microfluidic spinning technique.
Angew Chem Int Ed Engl 2020;59(11):4344-8.

[73] Zhang J, Sun J, Li B, Yang C, Shen J, Wang N, et al. Robust biological fibers
based on widely available proteins: facile fabrication and suturing application.
Small 2020;16(8):1907598.

[74] LiY, Li J, Sun J, He H, Li B, Ma C, et al. Bioinspired and mechanically strong
fibers based on engineered non-spider chimeric proteins. Angew Chem Int Ed
Engl 2020;59(21):8148-52.

[75] Xu Z, Shi L, Yang M, Zhu L. Preparation and biomedical applications of silk
fibroin-nanoparticles composites with enhanced properties—a review. Mater
Sci Eng C 2019;95:302-11.

[76] Kinloch IA, Suhr J, Lou J, Young RJ, Ajayan PM. Composites with carbon
nanotubes and graphene: an outlook. Science 2018;362(6414):547-53.

[77] Wang Y, Guo J, Zhou L, Ye C, Omenetto FG, Kaplan DL, et al. Design,
fabrication, and function of silk-based nanomaterials. Adv Funct Mater 2018;
28(52):1805305.

[78] Pan H, Zhang Y, Shao H, Hu X, Li X, Tian F, et al. Nanoconfined crystallites
toughen artificial silk. ] Mater Chem B 2014;2(10):1408-14.

[79] Hu X, Li J, Bai Y. Fabrication of high strength graphene/regenerated silk
fibroin composite fibers by wet spinning. Mater Lett 2017;194:224-6.

[80] Wu G, Song P, Zhang D, Liu Z, Li L, Huang H, et al. Robust composite silk
fibers pulled out of silkworms directly fed with nanoparticles. Int J Biol
Macromol 2017;104(Pt A):533-8.

[81] Cheng L, Huang H, Chen S, Wang W, Dai F, Zhao H. Characterization of
silkworm larvae growth and properties of silk fibres after direct feeding of
copper or silver nanoparticles. Mater Des 2017;129:125-34.

[82] Cai L, Shao H, Hu X, Zhang Y. Reinforced and ultraviolet resistant silks from
silkworms fed with titanium dioxide nanoparticles. ACS Sustain Chem Eng
2015;3(10):2551-7.

[83] Wang JT, Li LL, Feng L, Li JF, Jiang LH, Shen Q. Directly obtaining pristine
magnetic silk fibers from silkworm. Int J Biol Macromol 2014;63:205-9.

[84] Wang JT, Li LL, Zhang MY, Liu SL, Jiang LH, Shen Q. Directly obtaining high
strength silk fiber from silkworm by feeding carbon nanotubes. Mater Sci Eng
C 2014;34:417-21.

[85] Wang Q, Wang C, Zhang M, Jian M, Zhang Y. Feeding single-walled carbon
nanotubes or graphene to silkworms for reinforced silk fibers. Nano Lett 2016;
16(10):6695-700.

[86] Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, Andrady A, et al.
Plastic waste inputs from land into the ocean. Science 2015;347 (6223):768-71.

[87] Geyer R, Jambeck JR, Law KL. Production, use, and fate of all plastics ever
made. Sci Adv 2017;3(7):1700782.

[88] Wang C, Li X, Gao E, Jian M, Xia K, Wang Qi, et al. Carbonized silk fabric for



ultrastretchable, highly sensitive, and wearable strain sensors. Adv Mater 2016;
28(31):6640-8.

[89] Gan W, Chen C, Wang Z, Song J, Kuang Y, He S, et al. Dense, self-formed char
layer enables a fire-retardant wood structural material. Adv Funct Mater 2019;
29(14):1807444.

[90] Gan W, Chen C, Wang Z, Pei Y, Ping W, Xiao S, et al. Fire-resistant structural
material enabled by an anisotropic thermally conductive hexagonal boron
nitride coating. Adv Funct Mater 2020;30(10):1909196.

[91] Nechyporchuk O, Bordes R, Kohnke T. Wet spinning of flame-retardant
cellulosic fibers supported by interfacial complexation of cellulose nanofibrils
with silica nanoparticles. ACS Appl Mater Interfaces 2017;9(44):39069-77.

[92] Yang A, Cai L, Zhang R, Wang J, Hsu PC, Wang H, et al. Thermal management
in nanofiber-based face mask. Nano Lett 2017;17(6):3506-10.

[93] Cai L, Song AY, Wu P, Hsu PC, Peng Y, Chen J, et al. Warming up human body
by nanoporous metallized polyethylene textile. Nat Commun 2017;8(1):496.

[94] Hsu PC, Liu C, Song AY, Zhang Z, Peng Y, Xie J, et al. A dual-mode textile for
human body radiative heating and cooling. Sci Adv 2017;3(11):1700895.

[95] Cui Y, Gong H, Wang Y, Li D, Bai H. A thermally insulating textile inspired by
polar bear hair. Adv Mater 2018;30(14):1706807.

[96] He XH, Wang W, Liu YM, Jiang MY, Wu F, Deng K, et al. Microfluidic
fabrication of bio-inspired microfibers with controllable magnetic spindleknots
for 3D assembly and water collection. ACS Appl Mater Interfaces 2015;7(31):
17471-81.

[97] Tansil NC, Koh LD, Han MY. Functional silk: colored and luminescent. Adv
Mater 2012;24(11):1388-97.

[98] Song Y, Lin Z, Kong L, Xing Y, Lin N, Zhang Z, et al. Meso-functionalization
of silk fibroin by upconversion fluorescence and near infrared in vivo
biosensing. Adv Funct Mater 2017;27(26):1700628.

[99] Min K, Kim S, Kim CG, Kim S. Colored and fluorescent nanofibrous silk as a
physically transient chemosensor and vitamin deliverer. Sci Rep 2017;7(1):
5448.

[100] Kim DW, Lee OJ, Kim SW, Ki CS, Chao JR, Yoo H, et al. Novel fabrication of
fluorescent silk utilized in biotechnological and medical applications.
Biomaterials 2015;70:48-56.

[101] Cheng L, Zhao H, Huang H, Li B, Li RKY, Feng XQ, et al. Quantum
dotsreinforced luminescent silkworm silk with superior mechanical properties
and highly stable fluorescence. J Mater Sci 2019;54(13):9945-57.

[102] Zhu B, Wang H, Leow WR, Cai Y, Loh XJ, Han MY, et al. Silk fibroin for
flexible electronic devices. Adv Mater 2016;28(22):4250-65.

[103] Wang C, Xia K, Wang H, Liang X, Yin Z, Zhang Y. Advanced carbon for
flexible and wearable electronics. Adv Mater 2019;31(9):1801072.

[104] Ye C, Ren J, Wang Y, Zhang W, Qian C, Han J, et al. Design and fabrication of
silk templated electronic yarns and applications in multifunctional textiles.
Matter 2019;1(5):1411-25.

[105] Qi H, Schulz B, Vad T, Liu J, Méder E, Seide G, et al. Novel carbon nanotube/
cellulose composite fibers as multifunctional materials. ACS Appl Mater
Interfaces 2015;7(40):22404-12.

[106] Xue Y, Mou Z, Xiao H. Nanocellulose as a sustainable biomass material:
structure, properties, present status and future prospects in biomedical
applications. Nanoscale 2017;9(39):14758-81.

[107] Aigner TB, DeSimone E, Scheibel T. Biomedical applications of recombinant
silk-based materials. Adv Mater 2018;30(19):1704636.

[108] DeFrates K, Moore R, Borgesi J, Lin G, Mulderig T, Beachley V, et al. Protein-
based fiber materials in medicine: a review. Nanomaterials 2018;8(7):457.

[109] Haynl C, Hofmann E, Pawar K, Forster S, Scheibel T. Microfluidics-produced
collagen fibers show extraordinary mechanical properties. Nano Lett 2016;
16(9):5917-22.

[110] Shang L, Fu F, Cheng Y, Yu 'Y, Wang J, Gu Z, et al. Bioinspired multifunctional
spindle-knotted microfibers from microfluidics. Small 2017;13(4):1600286.

[111] Wang YL, Zhou YN, Li XY, Huang J, Wahid F, Zhong C, et al. Continuous
production of antibacterial carboxymethyl chitosan—zinc supramolecular
hydrogel fiber using a double-syringe injection device. Int J Biol Macromol
2020;156:252-61.

[112] Xia XX, Qian ZG, Ki CS, Park YH, Kaplan DL, Lee SY. Native-sized
recombinant spider silk protein produced in metabolically engineered
Escherichia coli results in a strong fiber. Proc Natl Acad Sci USA 2010;107(32):
14059-63.

[113] Andersson M, Jia Q, Abella A, Lee XY, Landreh M, Purhonen P, et al.
Biomimetic spinning of artificial spider silk from a chimeric minispidroin. Nat
Chem Biol 2017;13(3):262—4.

[114] Heidebrecht A, Eisoldt L, Diehl J, Schmidt A, Geffers M, Lang G, et al.
Biomimetic fibers made of recombinant spidroins with the same toughness as
natural spider silk. Adv Mater 2015;27(13):2189-94.

[115] Asakura T, Umemura K, Nakazawa Y, Hirose H, Higham J, Knight D. Some
observations on the structure and function of the spinning apparatus in the
silkworm Bombyx mori. Biomacromolecules 2007;8(1):175-81.

[116] Moriya M, Ohgo K, Masubuchi Y, Knight DP, Asakura T. Micro-computerized
tomographic observation of the spinning apparatus in Bombyx mori silkworms.
Polymer 2008;49(26):5665-9.

[117] Luo J, Zhang L, Peng Q, Sun M, Zhang Y, Shao H, et al. Tough silk fibers
prepared in air using a biomimetic microfluidic chip. Int J Biol Macromol 2014;
66:319-24.

[118] Holland C, Terry AE, Porter D, Vollrath F. Comparing the rheology of native
spider and silkworm spinning dope. Nat Mater 2006;5(11):870—4.

[119] Moriya M, Ohgo K, Masubuchi Y, Asakura T. Flow analysis of aqueous
solution of silk fibroin in the spinneret of Bombyx mori silkworm by
combination of viscosity measurement and finite element method calculation.
Polymer 2008;49(4):952—6.

[120] Breslauer DN, Lee LP, Muller SJ. Simulation of flow in the silk gland.
Biomacromolecules 2009;10(1):49-57.

[121] Holland C, Urbach JS, Blair DL. Direct visualization of shear dependent silk
fibrillogenesis. Soft Matter 2012;8(9):2590-4.

[122] Mohammadi P, Aranko AS, Landowski CP, Ikkala O, Jaudzems K, Wagermaier
W, et al. Biomimetic composites with enhanced toughening using silkinspired
triblock proteins and aligned nanocellulose reinforcements. Sci Adv 2019;5(9):
eaaw2541.

[123] Tian M, Qu L, Zhang X, Zhang K, Zhu S, Guo X, et al. Enhanced mechanical
and thermal properties of regenerated cellulose/graphene composite fibers.
Carbohydr Polym 2014;111:456-62.

[124] Yao Y, Zhang E, Xia X, Yu J, Wu K, Zhang Y, et al. Morphology and properties
of cellulose/silk  fibroin  blend fiber prepared with  I-butyl-3-
methylimidazolium chloride as solvent. Cellulose 2015;22(1):625-35.

[125] Yaari A, Schilt Y, Tamburu C, Raviv U, Shoseyov O. Wet spinning and drawing
of human recombinant collagen. ACS Biomater Sci Eng 2016;2(3):349-60.



