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Abstract: Natural spider silk is composed of spun

spidroin protein containing beta-sheet crosslinking - Z
sites drawn from an S-shaped spinning duct. It o SHog 28
exhibits an excellent combination of strength (1150 ¢ 2E3(5
200 MPa) and toughness (165 + 30 MJ-m=) that I zg §h.
originates from its hierarchical structure, including Y
crosslinking sites, highly aligned nano-aggregates, 2

and a sheath-core structure. In this work, we
prepared a hydrogel fiber that contains crosslinking
sites, highly aligned nano-aggregates, and a sheath-core structure, by draw-spinning a bulk hydrogel composed of
polyacrylic acid crosslinked with vinyl-functionalized silica nanoparticles (SNVs). The core-sheath structure was prepared
by the water-evaporation-controlled self-assembly of the polyacrylic hydrogel, while nanometer-sized aggregates were
formed by the self-assembly of polyacrylic acid chains. The addition of a tiny amount of graphene oxide (GO: 0.01%), a
2D nanomaterial, enhanced the mechanical properties of the fiber (breaking strength: 560 MPa; fracture toughness: 200
MJ-m™3; damping capacity: 94%). In addition, we investigated the factors responsible for the mechanical properties of the
gel fibers, including fiber diameter, drying time in air, relative air humidity, and stretching speed. A higher breaking strength
and a lower fracture strain was obtained by decreasing the fiber diameter, increasing the drying time, or increasing the
stretching speed, while a lower fracture strain and higher breaking strength were obtained by increasing the relative air
humidity. Polarized optical and SEM images revealed that the GO-seeded material is better aligned and contains smaller
nano-aggregates, with GO seeding found to play a key role in the formation of nano-aggregates and polymer-chain
alignment. The prepared fiber exhibited excellent mechanical properties compared to gel fibers prepared by other methods
(e.g., electro-, wet, dry, and microfluidic spinning, as well as templating, and 3D printing, etc.). Repeated mechanical testing
involving stretch-release cycles to 70% strain at 20% relative humidity revealed that the fibers have an energy-damping
capacity of 93.6%, which exceeds that of natural spider silk and many types of artificial fiber. The relaxed stretched fiber
recovered its initial length when exposed to 80% relative humidity, while the fiber recovered its initial mechanical properties
when stored for 2 h at room temperature. A yarn composed of three hundred of the prepared gel fibers was shown to lift a
3 kg object without breaking; the prepared fiber was also shown to absorb dynamic energy and lower the impact force of
a falling object.
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Fig.1 Spinning of gel fibers by mimicking the spider silk.

Schematic of (a) spinning of a spider silk and (b) spinning of gel fiber.
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Fig. 2 Rheology tests of the polyacrylic/vinyl-functionalised silica nanoparticles (PAA-SNV) hydrogel.

(a) Strain oscillatory rheology and (c) step-strain (between 1% and 1000%) oscillatory rheology of the PAA-SNV hydrogel at an angular frequency of

10 rad-s™'. (b) Frequency-dependent rheology and (d) the shear viscosity of the PAA-SNV hydrogel with different SNV contents at 1% oscillatory strain.
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Fig.3 The hierarchical structure and mechanical properties of the PAA/SNV gel fiber.

(a) A photograph showing multiple gel fibers can be drawn-spun simultaneously. (b, ¢) The optical (b) and SEM (c) images of the gel fiber.

(d) The diameter of the gel fiber a function of the depth of the iron rod dipping into the gel.

(e, ) Stress—strain curves a function of the SNV contents (¢) and AA contents (f) for the gel fiber.
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Fig. 4 Modulating the structure and mechanical properties of the gel fibers by adding graphene oxide (GO) seeds.
(a) Schematic illustration of modulating nano-assembly structure by adding seeds. (b) The AFM image of the GO and (c) a sectional profile.
(d) FTIR spectra of the gel fiber containing 0% and 0.01% GO. (e—g) The SEM images of fiber surface (¢) and fractured cross-section (f), and

polarized optical images (g) of the gel fibers for different seed contents.
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Fig.5 Mechanical test for gel fibers containing GO seeds.

(a) Breaking stress, breaking strain, and toughness of the gel fibers for different GO contents (a), drying time (b),

stretch rate (c) and relative humidity (d). (e) Loading-unloading curves. (f) Stress—strain curves at relative humidity of

10% at 25 °C for the as-prepared hydrogel fibers and after super-contraction and for different time.
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Fig. 6 Impact reduction of the gel fibers.

(a) Images showing a 300-ply of 10-pm-diameter gel yarn lifting a 3-kg weight. (b) A 12-um-diameter, 12-cm-long gel fiber was placed at an angle of 30°.

The 6.7-g-weight object was captured by gel fiber with impact reduction and not bounced back. The fiber was slowly elongated by 53%.



VI FRAL 2222 4R Acta Phys. -Chim. Sin. 2022, 38 (9), 2204059 (8 of 9)

HIRE M EE T FILEATI L T & B &
JIHIRE T E 6 FT 7 ) o FRATTHE 3004 58 Jit 41 4
(AA/SNV.15%/GO0.019) 75 ol 1 48 75 — 2 T Bl — 2%
ek, 1ZL AT LLEREE3 kg BT AS R AW,
Tk, AT T &R 2 4 75 HoAth Ar B PR 2%
MHITIRE T — AR EAZN12 um 5k 47 4 2 V-
(A3 B e e b, — 1N EH FEMNEY
(6.7 W EAELA A ], FRATATLUE B, A4E7E
48 SN ZNR K T 53%. XS4k B F 4 H T BRI
Gert. e BT IARME T HERN S %

4 4w

I L RSP 22 S5 K LA S g 22 1 R, 3RATT
e 1 RS BREE R KRS, ez 5l 2438 1 R
A7 R 22 SAL LR (R RS £ 4 - A2 Ik L LR FR A
PN K et B 5E S50 o 5N B A S0 1R D9 R
Bty , BE— B RGO H AR B R RS, 42
AU E . 2T HEN LI GR AT 1Y 58 S &
B AN T AR BRI o A A5 QUL T
I RE. F4b, XPREGUOR AR A SRS, Lk
HREVELT (BT . AT AE) IR Bt TR RE, A
TR FEA T @REN. RN TILA

A
&,

Supporting Information: available free of charge via the

internet at http://www.whxb.pku.edu.cn.
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